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ON THE EXISTENCE OF SPECIFIC SECRETORY SYMPATHETIC 
FIBRES FOR THE CAT’S SUBMAXILLARY GLAND 


By N. EMMELIN anp J. ENGSTROM 
From the Institute of Physiology, University of Lund, Sweden 


"(Received 13 January 1960) 


Stimulation of the cervical sympathetic trunk in cats causes a secretion 
from the submaxillary gland. The magnitude of the response varies in 
different cats. It may be almost as pronounced as that evoked by stimu- 
lation of the chorda tympani, but usually it is much smaller and in 
exceptional cats no secretion at all is obtained. Unlike the secretion - 
elicited by stimulation of the chorda it is usually described as short- 
lasting, tending to cease in spite of continued stimulation. 

Since the time of Ludwig, Claude Bernard, Heidenhain and Langley the 
sympathetic trunk has been assumed to Carry specific secretory fibres for 
the gland. Kuntz & Richins (1946) found, however, in histological investi- 
gations that the innervation of the gland cells is mainly, perhaps exclu- 
sively, parasympathetic. In a later paper (Richins & Kuntz, 1953) the 


- same authors expressed the view that the secretion following sympathetic 


stimulation is caused by the chemical transmitter released from the 
endings of the vasomotor fibres and diffusing to the gland cells. This 
conception was based on the observation that the secretory effect of 
sympathetic stimulation was abolished by occlusion of the external carotid 
artery. The theory seems to be an extension of the idea discussed by Cannon 
& Rosenblueth (1937), according to which some cells are excited by trans- 
mitter diffusing from nerve endings in contact with certain innervated 


cells’. 


The theory of Kuntz & Richins might afford an ‘explanation of the facts 
that the sympathetic secretory effect appears with a fairly long latency, 


shows great variations in different cats, is-obtained predominantly at the 


beginning of a stimulation period, and can be elicited by repetitive stimu- 
lation only. There is, however, no direct evidence to show that specific 
sympathetic secretory fibres do not exist. 

Analogous problems have been discussed in connexion with other 
organs. Celander (1959) found in experiments on adrenalectomized cats no 
inhibition-of the intestinal motility on stimulation of the splanchnic 
nerves, except when frequencies of stimulation were used which according 


to Folkow (1955) are above the physiological range. Similar observations 
l PHYSIO. CLIII 
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were made by Kock (1959). The conclusion was that the splanchnic nerves 
contain no specific inhibitory fibres for the intestine. 

The experiments of the present paper arose from an investigation on 
supersensitivity of the gland cells following sympathetic denervation. It 
is known that removal of the superior cervical ganglion causes an increased 
responsiveness of the gland cells to chemical agents (Simeone & Maes, 
1939). This fact seems to indicate that the sympathetic normally exerts 
some kind of action on the gland cells; this action could of course be 
indirect, via the vasomotor fibres, but it must then be due to an impulse 
rate within the physiological range. 

From such considerations experiments on the effect on the gland cells of 
stimulation of the sympathetic trunk with impulses of low frequency 
seemed required ; for in the earlier investigations on the secretory effect of 
sympathetic stimulation frequencies above what is now considered as 
physiological in the vasomotor fibres have been used. Such experiments 
are the subject of the first part of the present investigation. In the experi- 
ments of the second part the effect on the secretory cells of artificial stimu- 
lation of the cut sympathetic trunk has been studied by using a frequency 
of stimulation which restores the tone of the vessels of the gland existing 


before the nerve was cut. In the third part an intense vasoconstriction via 


the sympathetic trunk was elicited reflexly and the effect on the gland 
cells of this constriction and of artificial stimulation causing a similar 
constriction was investigated. The reflex activity was obtained by bleeding. 


A preliminary report of these experiments has been —_ (Emmelin & 
Engstrém, 1959). 


METHODS 


The experiments were carried out on cats anaesthetized with chloralose (about 80 mg/kg 
intravenously) or chloral th (60+ 100 mg/kg intravenously). At the beginning of 
the experiment the chorda epraninal was cut. The submaxillary duct was cannulated and 
the drops secreted were recorded elect tically on the smoked drum by an assistant; 
in some experiments an ordinate recorder w was ‘esa The flow of blood from the gland was 
recorded as drops of blood from a cannula in the external jugular vein, after injection of 
heparin and ligation of tributaries not draining the gland. The drops passed a phototube 
counter, which operated an ordinate vecorder. The blood was reinjected at intervals through 
a cannula in a femoral vein. For stimulation of the sympathetic trunk square-wave shocks 
of supramaximal strength and 1 msec duration were used. 

In the experiment on the reflex response to bleeding blood was withdrawn from a cannula 


in a femoral artery. In order to prevent the bleeding from interfering mechanically with the: 


flow of blood through the gland, and to prevent catechol amines released from the adrenals 
during the bleeding from reaching the gland, a separate perfusion of the gland from another 
cat was arranged. For that purpose an anaesthetized cat was heparinized and blood directed 
from the central end of a carotid artery through a polythene tube into the peripheral carotid 
of the recipient animal; in this cat all the branches of the carotid except that of the gland 
had been tied. The polythene tube was of such a size that it could be pushed through the 
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carotid up into the external maxillary artery to fit tightly into this vessel. A ligature round 
this artery and the tip of the tube was then often not necessary, which diminished the risk 
of injury to the sympathetic fibres of the gland. Other technical details are given in the text. 


RESULTS 
Electrical stimulation of the sympathetic trunk 


Stimulation of the peripheral end of the cut sympathetic was found to 
cause a flow of saliva when a rate of stimulation well within the physio-. 
logical range was used. Among fifteen cats studied, one responded with 
secretion at a rate of only 0-2/sec. In three cats 0-5/sec was found to be 
effective, in two others 1/sec; four responded at 2/sec, two at 3/sec, one 
at 4/sec and two at 5/sec. 

When low frequencies were used a continuous secretion could be main- 
tained. At a rate of 3—-10/sec or more the flow diminished in spite of con- 
tinued stimulation, and at rates of 10 or 20 sec the picture usually described 
as typical of sympathetically induced secretion was obtained: often the 
flow ceased completely within the first minute or minutes; sometimes a 
very slow flow persisted during the whole stimulation period; in some 
—instanees the flow ceased early, but periods of secretory activity re- 
appeared now and again. 

An attempt was made to find the cause of the decrease or cessation of the 
flow at high rates of stimulation. A reasonable explanation could be that 
the vasoconstriction simultaneously produced seriously interfered with the 
secretion, depriving the gland cells of blood necessary for the activity. It is 
well known, for instance, that a high rate of secretion cannot be main- 
tained for a long period by chorda stimulation if the artery of the gland is 
partially clamped. It can, in fact, be seen that the secretory effect of 
sympathetic stimulation is more pronounced if the constriction is in some 
way counteracted. This can be achieved by stimulating the chorda after 
injection of atropine in a dose which entirely abolishes the secretory effect 
of parasympathetic stimulation. 

Figure 1 shows such an experiment. Sympathetic stimulation caused 
secretion at a rapidly decreasing rate and a pronounced constriction. 
Chorda stimulation, after atropine, produced its marked vasodilatation 
but no secretion. When sympathetic stimulation was added, the flow of 
blood through the gland diminished to some extent, particularly initially ; 
but it was much less reduced than was the case when the chorda was not 
stimulated. The secretory response to sympathetic stimulation was greater 
than before, suggesting that vasoconstriction might contribute to the 
decline in secretory rate. However, it could only be a contributing factor, 
_ for even in the period of increasing blood flow the secretion diminished and 
ceased. 
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The falling off of the secretion at high rates of stimulation was observed 
even when the post-ganglionic sympathetic fibres running along the artery 
were stimulated, and could therefore not. be due to failure of ganglionic 
transmission. A well-maintained secretion could, on the other hand, be 
elicited by continuous intravenous injection of adrenaline, and when 
secretion had ceased during sympathetic stimulation the injection of 
adrenaline was found to produce a flow of saliva. Consequently, the 
decline could not be attributed to some process in the glandular elements. 


Fig. 1. Records from above down: drops of saliva; drops of blood from the gland ; 
signal, which also marks time intervals of 10 sec. For secretion and blood flow, 
ordinate recorders were used, the upper one operated manually, the lower one 
by a phototube. In the left section of the tracing the effect of sympathetic stimu- 
lation for 5 min at a rate of 20/sec. Between the sections 2 mg atropine sulphate 
was given intravenously. In the right section the chorda was stimulated during 
the whole period marked by the signal (7 min). After 1 min, sympathetic stimu- 
lation was added and continued for 5 min. 


It seems reasonable to assume that at the high rates of stimulation trans- 
mission for some reason failed at the endings of the post-ganglionic secre- 
tory fibres. This apparently did not occur at the vasoconstrictor nerve 
endings, for constriction persisted throughout the period of stimulation, 
as can be seen in Fig. 1. The only exception from this rule is that secretion 
may cause a temporary vasodilatation. In those cats in which secretion 
ceased initially but again appeared after some time, corresponding fluctu- 
ations in blood flow could be seen, as shown in the experiment of Fig. 2. 
Even in such cats, however, the secretion finally ceased definitely and 
constriction persisted. | 
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Effect of restoring the resting vasomotor tone 
In the experiment of Fig. 3 section of the sympathetic trunk caused an 
increased flow of blood through the gland. When the peripheral end of the 
trunk was stimulated electrically at a rate of 1/sec, a constriction was 


evoked slightly larger than that prevailing before the nerve was cut. 


Fig. 2. Records from above down: time marker, minutes; signal, which marks 
the period of sympathetic stimulation at a rate of 20/sec; blood flow, and secretion ; 


these were recorded as in Fig. 1. 


Symp cut Symp stim 1/sec 5/sec 
Fig. 3. From above down: blood flow through the gland; time marker, minutes; 
drops of saliva; signal. The first section of the tracing shows the effect of cutting 
the sympathetic trunk. In the next sections the peripheral end of the trunk was 
stimulated at different rates (1, 5 and 0-5/sec). : 


Already at this rate a slow secretion was obtained. Stimulation at 0-5/sec 
caused a smaller constriction but no secretion. This was a type of effect 
seen in most cats; but there were some experiments in which secretion was 
observed at a rate which was too small to restore the sympathetic resting 
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6 | N. EMMELIN AND J. ENGSTROM 
constrictor tone. It should be added that there is never any secretion 
normally which can be attributed to the resting constrictor activity. _ 
Effect of a reflealy induced strong vasoconstriction 
Figure 4 shows an experiment in which a pronounced vasoconstriction 


was evoked in the gland by bleeding the cat. It can be seen that the two 
main technical difficulties of these experiments had been overcome in this 


62 mi. $2/sec 3/sec 4/sec S/sec 


10/sec 20/sec 64 ml. * 10/sec 20/sec 
Chi 
Fig. 4. From above down: signal; time marker, minutes; drops of saliva; blood 
flow through the gland, which was separately perfused from another cat. The 
first section shows the effect of withdrawal of blood from the recipient and the 
’ reinjection of the blood about 1 min later. This procedure was repeated in section 3. 
Between the first two sections the cervical sympathetic wascut. S = stimulation 
of its peripheral stump at different frequencies (2, 3, 4,.5, 10, 20/sec). Chl, chlor- 

promazine 0-4 mg/kg injected into the donor 30 min before the last section. 


preparation. No vascular connexions had been left untied between the 
gland circulation and the remaining circulatory system of the recipient. 
This was obvious from the fact that bleeding did not alter the flow of 
blood from the gland when the cervical sympathetic had been severed. 
Further, the sympathetic innervation had not been destroyed in the course 
of the dissection, for stimulation of the sympathetic trunk produced the © 
characteristic responses from the gland. 

As is illustrated in Fig. 4, it is possible to produce a marked vaso- 
constriction in the gland reflexly via the sympathetic vasoconstrictor 
fibres, without any concomitant setretion. Electrical stimulation of the 
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SYMPATHETIC SALIVARY NERVES 7 


sympathetic at a rate which causes a much smaller vasoconstriction is 
- followed by secretion of saliva. It is, in fact, often difficult to reproduce 
the marked reflex vasoconstriction by artificial stimulation of the sympa- 
thetic, since the secretion obtained tends to produce a vasodilatation, 


obscuring the constrictor response. Attempts were made to get.a pure - 


constrictor response by abolishing the secretory effect of sympathetic 
stimulation. This can be attained by injecting a small doseyof chlor- 
promazine (Emmelin, 1955). In the experiment of Fig. 4 this attempt was 
only partly successful. When the nerve was stimulated after chlorpro- 
mazine at a rate of stimulation of 10/sec, no secretion and a relatively pure 
constrictor response were obtained; before giving chlorpromazine the 
dominating vasomotor effect at this rate was vasodilatation. The con- 
striction elicited after injection of the drug was somewhat smaller than 
that produced by bleeding. When the rate of stimulation was raised to 
20/sec, a larger constriction appeared, but it was of short duration, pre- 
sumably since a small secretion started. Judging from the size of the 
constriction obtained after chlorpromazine the impulse rate in the sym- 
pathetic during bleeding might have been of the order of 10—20/sec. 

These experiments indicate that there is no spread of transmitter from 
the vasoconstrictor endings to the gland cells sufficient to evoke secretion, 
even if the constrictor fibres are intensely activated reflexly. They do not, 
however, exclude the possibility that some diffusion of the transmitter 
may take place. In order to test this possibility we have tried to make the 
gland cells particularly sensitive to secretory agents. This was achieved by 

cutting the chorda tympani some weeks before the acute experiment. In 
' one experiment a particularly high supersensitivity had been created in 
this way. The gland cells responded to adrenaline 0-5 g/kg intravenously 
instead of normally about 15 »g/kg (Emmelin & Muren, 1951). When a 
vasoconstriction was elicited in this cat by bleeding, a very slow secretion 
started after about 1 min; this effect was abolished by section of the 
sympathetic trunk in the neck. 


DISCUSSION 

When the cervical sympathetic trunk is stimulated electrically at low 
frequencies, a secretion is obtained which differs from that usually described 
in the literature in being continuous. The normal resting activity of the 
sympathetic on the blood vessels seems to be of an order of magnitude 
comparable to that which causes secretion on artificial stimulation ; but it 
is. not accompanied by secretion. According to Folkow (1955) normal 
resting vasoconstrictor tone is maintained at a rate of about 1-3 im- 
- pulses/sec. When the cervical sympathetic is stimulated electrically at 
this rate, a secretion of saliva is obtained in most cats. Even ‘when ‘the 
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vasoconstrictor fibres are activated reflexly at a rate which biaaiahy 
approaches the limit of what is possible in the course of physiological events, 
no secretion is elicited in a normal gland. These observations indicate that 
specific secretory nerve fibres for the submaxillary gland of cats are | 
present in the cervical sympathetic trunk. They do, of course, not exclude | 
the possibility that transmitter diffusing from the terminals of the vaso- 
constrictor nerves might contribute to some extent to the secretory 
response provoked by the sympathetic stimulation, at least when the 
activity in the vasomotor fibres is ea The observations on the sensitized 
gland support this view. 


SUMMARY 


1. Secretion of saliva can be elicited from the submaxillary gland of 
cats by stimulating the cervical sympathetic trunk at a rate which is well 
within physiological limits. 

2. If the sympathetic vasoconstrictor tone in the gland is abolished by 
section of the sympathetic in the neck, it can be restored by stimulating 
the peripheral end of the nerve trunk electrically at a rate of stimulation 
which in some cats may cause secretion; in others a slightly higher rate 
is required to cause a flow of saliva. ; 

3. Even when the vasoconstrictor fibres of the gland are strongly 
activated by bleeding, no secretion is obtained in a normal gland, although 
the impulse rate in the constrictor fibres must by far exceed the secretory 
threshold rate for artificial electrical stimulation. 

4. These observations indicate that the cervical sympathetic trunk 
contains specific secretory fibres for the submaxillary gland. 
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EFFECT OF SYMPATHETIC DENERVATION ON THE 
SENSITIVITY OF THE SUBMAXILLARY GLAND TO 
STIMULATING AGENTS 


By N. EMMELIN anp J. ENGSTROM 
From the Institute of Physiology, University of Lund, Sweden 


(Received 13 January 1960) 


Numerous investigations have dealt with the supersensitivity of salivary 
glands which develops after section of the parasympathetic secretory fibres. 
Much less attention has been paid to the effect of destruction of the 
sympathetic fibres of the glands. Simeone & Maes (1939) studied the 
secretory action of adrenaline, acetylcholine and pilocarpine on the sub- 
maxillary gland of cats 47—90 days after excision of the superior cervical 
ganglion of one side. A moderate supersensitivity towards these drugs was 
found in most of the cats; in some no sensitization had occurred. Similar 


. observations were reported by Emmelin & Muren (1951). They found in 


addition a supersensitivity to noradrenaline which was somewhat more 
pronounced and was obtained more regulaly than that seen when adrenal- 
ine was used as a test drug; this was also observed by Strémblad (1956). 


Dirnhuber & Lovatt Evans (1954) found a supersensitivity to adrenaline | 


but none towards acetylcholine a few weeks after removal of the ganglion. 
In all these investigations the level of sensitivity was estimated in an acute 
experiment, the gland of the unoperated side serving as a control. 

In the present experiments the effect of removal of the superior cervical 
ganglion on the sensitivity of the gland was estimated by a method which 
permits repeated observations in one and the same cat over long periods. 
The development of a supersensitivity could therefore be studied. In some 
of these cats the preganglionic sympathetic fibres were first severed; it is 
not known whether such an operation affects the sensitivity of the gland. 
For a comparison the responses of the nictitating membrane to adrenaline 
and noradrenaline were recorded simultaneously. Preganglionic denerva- 
tion is known to increase the sensitivity of the membrane; post-ganglionic 
denervation has an even larger sensitizing effect (Hampel, 1935). 

- In’addition, the effect was investigated of removal of the sympathetic 
ganglion on the sensitivity of the gland cells towards impulses in the para- 
Sympathetic secretory fibres. This was done in acute experiments, the 
ganglion of one side having been excised some weeks in advance. 
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METHODS 


In order to make repeated observations on the sensitivity of the gland the following 
method was used (Emmelin & Muren, 1952). After preliminary ether anaesthesia a short- 
acting barbiturate was given intracardially. Secretory agents were injected by the same 
route, and between the injections saline solution was slowly infused to prevent clotting in 
the injection needle. The submaxillary ducts were cannulated from the mouth with fine glass 
cannulae. The drops of saliva which fell were counted. The salivary cannulae and the needle 
in the heart were then removed, the cat was allowed to wake up and the experiment could 
be repeated after some days. The drugs tested were adrenaline, noradrenaline, cobefrin, 
acetylcholine, and methacholine. When only the sympathomimetic amines were given to 
evoke secretion, hexobarbitone (Evipan; Bayer Products) was employed as an anaesthetic 
as in the original method. In the doses used (about 20 mg/kg initially, with repeated smaller 
doses when required) this barbiturate does not affect the sensitivity of the gland towards these 
secretory agents; it exerts, however, an atropine-like action. Thiobarbiturates are known to 
lack this effect (Gruber, Gruber & Colosi, 1938). Two different thiobarbiturates were tried. 
Thiopentone (Pentothal; Abbot Laboratories) proved satisfactory but the best results were 
obtained with Baytinal Bayer (Sodium 5, 5-allyl-(2’-methyl-propyl)-thiobarbituricum). 
These barbiturates interfered neither with the secretory action of the parasympathomimeti 
nor with that of the sympathomimetic agents. The initial doses of thiopentone and Baytinal 
were 5 and 20 mg/kg, respectively. Before the injection of acetylcholine or methacholine, 
dihydroergotamine (0-5 mg) was given intracardially to abolish any secretory effect due to 
catechol amines which could have been released from the adrenals or from the endings of 
the sympathetic secretory fibres. 

Contractions of the nictitating membrane in response to adrenaline and noradrenaline 
were recorded under standard conditions. A fine clip was fixed to the margin of the membrane 
and connected to a lever by a thread and pullies. 

The preganglionic trunk was cut or the superior cervical | ganglion excised in an aseptic 
operation in barbiturate anaesthesia. 


In order to study the effect of unilateral removal of the ganglion on the sensitivity 


towards impulses sent to the gland cells through the parasympathetic fibres, cats were 


anaesthetized with chloralose and both submaxillary ducts cannulated. The chordolingual 


nerve was cut on both sides and the eer stumps excited electrically by stimulation 
at different low frequencies. 


RESULTS 
Removal of the ganglion 

The effect on the gland of extirpation of the superior cervical ganclion 
was examined in nineteen cats. The sensitivity was expressed as number of 
drops of saliva secreted in response to a series of standard doses of the test 
drugs (noradrenaline, 1, 2, 5, 10, 20 g/kg; adrenaline, 0-5, 1, 2, 5, 10, 
20 ug/kg; cobefrin, 10, 20, 40 wg/kg; acetylcholine, 0-5, 1, 2, 5 pe/ke ; 
methacholine, 0-5, 1, 2 ng/kg). 

The results of these experiments are summarized in Tablé 1. It can be 
seen that a supersensitivity to the various drugs was obtained in mos? 
instances. Towards noradrenaline a sensitization was seen in all the ten 
cats studied; with acetylcholine, on the other hand, the sensitization was 
much less regular. Acetylcholine and methacholine were tried in the same 
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SENSITIZATION OF SALIVARY GLANDS 1] 


twelve cats; it can be seen that three of these showed a supersensitivity 
towards the latter but not to the former drug. Like earlier investigators we 
observed that the most pronounced sensitization was detected with nor- 
adrenaline (Figs. 1, 2); with methacholine the effect was also often marked. 
Even with these drugs, however, the level of supersensitivity attained was 
not more than moderate, and usually far below that seen after para- 


TABLE 


No. of cats 
No. of cats with no 
No. of cats showing definite super- 
Drug tested studied supersensitivity sensitivity 
Noradrenaline 10 10 0 
Adrenaline 19 13 6 
Cobefrin 4 4 0 
Acetylcholine 12 7 5 
Methacholine 12 10 2 
13 
-020 NAd R 
nb 
11 
10 
9 
10 Ad R 


Secretory response (drops of saliva) 


23.9 24 25 26 27 28 29 30.9 9.10 
+ Dates of experiments | 
Fig. 1. Sensitivity of the right (R) and left (L) submaxillary gland to adrenaline 
10 ug/kg and noradrenaline 20 yg/kg. At the arrow the right superior cervical 
ganglion was extirpated. . 


sympathetic denervation of the gland (see, for instance, Emmelin & Muren, 


1951). It was also characteristic that the degree of sensitization varied 


very much in different cats. 


In those cats in which supersensitivity was obtained, it was found 
regularly, each time the secretory responses to drugs were examined. 
Sensitization could first be detected 1-2 days after excision of the ganglion, 
and the sensitivity increased rapidly in the course of the following days. 
The development of the supersensitivity is illustrated in Fig. 1; in order to 


shew this clearly an experiment was chosen in which a particularly pro-. 


nounced supersensitivity towards noradrenaline and adrenaline was 
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12 N.EMMELIN AND J. ENGSTROM 


obtained. The supersensitivity then remained; in three cats it was seen as 
late as 10 months after denervation. | 


Pre- and post-ganglionic denervation 

‘Figure 2 demonstrates the effects of pre- and post-ganglionic sympa- 
thetic denervation on the submaxillary gland and the nictitating membrane. 
After preganglionic section the membrane showed its well-known super- 
sensitivity, both to noradrenaline and adrenaline; this was further in- 
creased by removal of the ganglion. The sensitivity of the gland did not 
| 10 = | 
8 = 
7- 
6 
5S- 


Drops of saliva 


2- 


42 13-2 18:2 


Dates of experiments 


NAd 2 g/kg 


1yg/kg 


Fig. 2. Above, effects of pre- and post- Pe sympathetic denervation on the 

submaxillary gland; and below, on the nictitating membrane. Preganglionic de- 

nervetion was carried out on February 4, post- oe on February 13. 
. @, NAd 10 pg/kg; 2, Ad, 5 pg/kg. 
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SENSITIZATION OF SALIVARY GLANDS 13 


increase after preganglionic section. When the ganglion had been excised 
the sensitivity towards noradrenaline had greatly increased. In this 
particular cat there was no sensitization to adrenaline after ganglionectomy, 
in others there was. A regular finding, however, was that preganglionic 
sympathetic denervation did not sensitize the gland to the two drugs. 


0-2/sec 0-4/sec 1/sec 


Fig. 3. Experiment in chloralose anaesthesia. Secretory effects of acetylcholine 
2 wg/kg (ACh), given intravenously, and of stimulation of the chorda tympani for 
1 min at a rate of 0-2, 0-4, and I/sec. R = right gland, L = left gland. The right 
superior cervical ganglion had been excised 23 days earlier. 3 


Sensitization to parasympathetic stimulation 
When a low-frequency stimulation of the chorda was. used, a super- 
sensitivity towards chorda impulses could be seen after removal of the 
sympathetic ganglion. This is shown in the experiment of Fig. 3. At a rate 
of 0-2/sec a secretory response was evoked from the denervated gland only 
(half a drop of saliva); at 0-4 and 1/sec the responses of this gland were 
larger than those of the normal gland. 


DISCUSSION 


The that it is possible to prgduce a supersensitivity 
in the submaxillary gland by removal of the superior cervical ganglion, 
regularly towards noradrenaline, less regularly towards some other agents. 
Variations in the degree of supersensitivity in different cats probably 
reflect the fact that the sympathetic innervation seems to vary in extent; 
in some cats a profuse secretion is obtained on sympathetic stimulation, 
in others the response is small and may even be absent. 

The sensitization obtained, although less pronounced, resembles very 
much that caused by section of the parasympathetic secretory fibres. This — 
fact may be quoted as an argument in favour of the view, expressed in the 
preceding paper (Emmelin & mageicim, 1960), that thesympathetic contains 
secretory fibres. 

The sensitization towards cofebrin is of particular interest, since this 
drug is not destroyed by amine oxidase (Blaschko, 1954). This observation 
supports the conclusion of Strémblad (1956) that amine oxidase is not 
involved in the process of sensitization after ganglionectomy. 
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It has been suggested that the level of sensitivity of the gland is to a 
great extent dependent on the flow of secretory impulses from the central 
nervous system (Emmelin & Muren, 1950). The chorda tympani is the 
main secretory nerve of the gland; in fact, no digestive salivary reflexes 
seem to be mediated via the sympathetic pathway. This could explain 
why a marked supersensitivity follows when the gland is disconnected from 
the central nervous system by section of the preganglionic parasympathetic 
fibres, whereas no supersensitivity ensues after section of the preganglionic 
sympathetic fibres. It is of interest in this connexion to point out that this 
latter operation sensitizes the nictitating membrane, as was shown by 
Hampel (1935); the membrane usually j is kept in a state of contraction by 
impulses from the central nervous system. In support of the view that 
section of the sympathetic trunk causes no supersensitivity in the gland 
because the gland is not deprived of any impulses, the following obser- 
vations may be quoted. The supersensitivity caused by section of the 
chorda can be greatly diminished if the gland is supplied with impulses 
from the hypoglossal nerve; this occurs not only if the hypoglossal nerve is 
connected in a crossed anastomosis to the parasympathetic pathway, but 
also if it is made to regenerate into the sympathetic trunk (Emmelin, 
Muren & Strémblad, 19574, b). 

The fact that a supersensitivity is produced by removal of the sympa- 
thetic ganglion suggests that the post-ganglionic sympathetic neurone 
exerts some action on the gland which is not due to impulses from the 
central nervous system. Such an influence has been attributed to the post- 
ganglionic parasympathetic neurone; this Conception was based mainly on 
the fact that prolonged treatment ith a parasympatholytic agent causes 
a greater supersensitivity than section of the’ preganglionic parasympa- 
thetic fibres (Emmelin & Strémblad, 1957; Emmelin, 1960). In this 
- connexion it may be pointed out that Burn & Rand (1959) attribute the 
supersensitivity which they obserye in smooth muscle after sympathetic 


denervation or treatment. with reserpine to the a Store 
of noradrenaline. 


The two sets of autonomic secretory nerves are generally pastinned to 4" 
act on different types of gland cells (see Babkin, 1950). Langenskiél Ab 


(1941), however, came to the conclusion that they innervate the same 
cells, and support of this view has been given later (Emmelin, 1955; 
Lundberg, 1955). The finding that removal of the sympathetic ganglion 


can sensitize the gland cells towards impulses of low frequency in the para- 


.sympathetic nerve seems to afford  acpansieee evidence in support of this 
conception. 
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SUMMARY 


1. The sensitivity of the submaxillary gland of cats to chemical agents 
was estimated in repeated experiments in one and the same_animal. 
anaesthetized with a short-acting barbiturate. At the same time the 
sensitivity of the nictitating membrane was determined. 

2. Preganglionic sympathetic denervation, sensitizing the membrane, 
did not change the responsiveness of the salivary gland. After removal of 
the superior cervical ganglion both structures acquired an increased sensi- 


tivity. In the gland the supersensitivity was particularly marked towards’ 


methacholine was not always augmented. - 

3. Supersensitivity could first be observed after 1-2 days, and it in- 
creased rapidly in the course of the following days to remain at a high 
level for long periods, up to 10 months. The degree of sensitization varied 


noradrenaline; the setisitivity towards adrenaline, acetylcholine and 


in different cats. It was usually much less than that produced by section 


of the chorda tympani. 
4. When the sympathetic ganglion had been removed in advance, the 


gland was found to be supersensitive to impulses in the chorda tympani. 
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Procaine has a curare-like action at the end-plate region of muscle, 
reducing the effectiveness of synaptically released and iontophoretically 
applied acetylcholine (Harvey, 1939; del Castillo & Katz, 1957). Furukawa 
(1957) has also demonstrated a direct effect upon the spike-generating 
-mechanism of muscle fibres, an observation which is in accordance with 
the more recent findings of the action of procaine on nerve fibres (Shanes, 
Freygang, Grundfest & Amatniek, 1959; Taylor, 1959). 

It has been reported that, when applied iontophoretically to Renshaw 
cells in the mammalian spinal cord, procaine depressed their activation by 
acetylcholine (Curtis & Eccles, 19586). This observation led readily to the 
assumption that procaine was preventing the access of acetylcholine to the 
subsynaptic receptors of these cells. However, procaine may also have a 
more direct action upon the membrane of Renshaw cells; consequently an 
investigation was carried out in order to determine its effect upon both 
cholinoceptive Renshaw cells and non-cholinoceptive interneurones and 


motoneurones. ‘In addition; a study was made of the action of atropine, 


another compound which blocks the action of acetylcholine and which 
possesses, moreover, certain structural similarities to cocaine. 


METHODS 


All methods have been reported in previous publications (Curtis & Eccles, 1958a; Curtis, 
Phillis & Watkins, 1959, 1960a). Motoneurones, internetirones and Renshaw cells of the 
lower lumbar segments of thé spinal cord of the cat were identified by their responses to 
volleys entering the spinal cord via the dorsal and ventral roots. The cord was transected 
at the lower thoracic level, the animal being lightly anaesthetized with pentobarbital sodium. 

Procaine and atropine were passed iontophoretically as cations from saturated aqueous 
solutions of procaine hydrochloride and atropine sulphate respectively in double, five-barrel 
or co-axial electrodes. The double and five-barrel electrodes permitted the extracellular 
recording of spike potentials of neurones, whereas the co-axial electrode assembly allowed 
the simultaneous recording of intracellular responses of motoneurones whilst applying these 
substances extracellularly (cf. Curtis e¢ al. 1959). Other substances used in this investigation 
were acetylcholine, which was passed iontophoretically as a cation from an aqueous solution 
of acetylcholine bromide, and glutamic acid, which was 1s passed as an anion from a solution 
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in NaOH at pH 8 (cf. Curtis e¢ al. 1960a). These substances were prevented from diffusing 
out of the electrodes by the application of suitable backing potentials. When co-axial 
electrodes were used, intracellular spike potentials recorded by the inner electrode were 
considerably attenuated owing to the high input-capacitance of the recording system. Cells 
impaled by these electrodes usually had resting potentials in the range — 45 to — 55 mV, in 
comparison with those of —60 to —70 mV found when single-barrel electrodes were used 
(cf. Coombs, Eccles & Fatt, 1955). These low potentials were presumably due to damage 
caused by the electrode. However, such potentials could be maintained for periods of 
30 min~—1 hr and the responses to both procaine and atropine resembled those given by cells 
with high resting potentials. 


RESULTS 
Procaine 
It has been demonstrated that Renshaw cells, when fired by ventral 
root volleys, are activated synaptically by acetylcholine (Curtis & Eccles, 


19586). The depressant action of procaine upon this firing has been con- 
firmed. Renshaw cells are also excited in a repetitive manner by the 


anions of certain of the acidic amino acids, in particular glutamic, aspartic 


and cysteic acids (Curtis et al. 1960a). It has been postulated that this 
excitation is mediated through receptors other than those specialized for 
acetylcholine, because dihydro-f-erythroidine (DHE), although effectively 
blocking the cholinergic excitation of Renshaw cells, is without action upon 
the firing by these excitant amino acids. Unlike DHE, procaine blocks the 
excitation of Renshaw cells produced by the excitant amino acids. The 
Renshaw cell which was excited by a ventral root volley in Fig. 1A also 
responded to acetylcholine (Fig. 1B). and glutamate ion (Fig. 1C). These 
responses were recorded by means of the central barrel of a five-barrel 
electrode. One minute after a current of 100 nA began to pass procaine 
from another barrel of the electrode, the same types of stimulation were 
applied. The response to the ventral root stimulus (D) was partially 
blocked, and the responses to acetylcholine (E) and glutamate ion (F) 
' were completely suppressed. Two minutes after the cessation of the 
procaine application, almost complete recovery had occurred, G, H and I 
corresponding to A and D, B and E, C and F respectively. 
These results might suggest that, as glutamate ion excited these cells 
without attachment to acetylcholine receptors, procaine may not only 
block such cholinoceptive sites but also the ‘amino-acid receptors’. This 


postulate is unlikely, owing to the structural differences between the two | 


series of excitant substances, and it is therefore possible that procaine has 
a more direct action on those processes producing the spike potential. This 
latter postulate could be tested by applying procaine to interneurones and 
motoneurones of the spinal cord, for these cells have no cholinoceptive 
synapses (Curtis, D. R., Phillips, J. W. and Watkins, J. C_—unpublished 
observations). It was found that the spikes evoked by both orthodromic 
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stimulation and the excitant amino acids were blocked by procaine. The 
responses Of Fig. 2A—D were recorded from an interneurone lying in the 
dorsal horn of the seventh lumbar segment, in response to a single maximal 
stimulus applied to theipsilateral peroneal nerve. These extracellular records 
were obtained by using the NaCl-containing barrel of a double-barrel elec- 


Fig. 1. Spike potentials recorded extracellularly from a Renshaw cell by means of 
the central barrel of a five-barrel electrode and evoked by a ventral root stimulus 
A, D and G; by iontophoretic application of acetylcholine, B, E and H; and by 
iontophoretic application of glutamic acid, C, F and I. The iontophoretic currents 
used in each of the two series of applications were constant throughout. After the 
control responses A-C, procaine was passed as a cation from another barrel of the — 
electrode and the responses D, E and F were recorded during this application. 
G, H and I were recorded 2 min after the procaine application ceased. These 
responses were recorded on film moving parallel to the Y axis of the oscilloscope, 
there being less than 5 msec between sweeps. Time marker, 10 msec. 


_ trode, and typically thespikes wererepetitive (Fig. 2A). Following the appli- 


cation of procaine by means of a cationic current of 135nA thr gh the pro- 
caine-containing barrel of the electrode, the spikes wereslowly reduce” insize 
and number. The records (B) and (C) were taken 15 and 40 sec respecuively 
after the commencement of this current. The effect was fully reversible, as is 
illustrated in Fig. 2D, which was recorded 20 sec after termination of the 
iontophoretic application. This action was not due to the flow of current 
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_ through the electrode, for the spike height of the cell was not altered by the 
passage of even greater currents through the NaCl-containing barrel, by 


means of which the responses were recorded, and currents in the reverse _ 


direction through the procaine-containing barrel did not increase the size 
or number of spikes. In some cells similar applications of procaine led to a 
reduction in the number of spikes without altering spike size. Usually, 
however, a diminution in spike size as well as number was observed. 


Fig. 2, A-D. Extracellular spike potentials of an interneurone located in the 
dorsal horn of the seventh lumbar segment and evoked by maximal stimulation 
of the peroneal nerve, recorded by means of one barrel of a double electrode. 
A, control responses; B and C, 15 and 40 sec after a current of 135 nA began to pass 
procaine from the other barrel of the electrode, this current flowing for 60 sec; 
D, 20 see after the iontophoretic current ceased. Time marker, 10 msec. 

E-H. Spikes of a similar cell but from another preparation, recorded in the same 
manner as those of Fig. 1. E, stimulation of the seventh lumbar dorsal root, this 
stimulus being repeated in F, G and H; F, application of glutamic acid as an anion; 
G, as for F but 48 sec after a current of 100 nA began to pass procaine from another 
barrel of the electrode; H, as for F but 12 min after the application of procaine 
ceased. Time marker, 10 msec. 


The control responses of Fig. 2E and F were produced by stimulation of 


the seventh lumbar dorsal root and iontophoretic application of glutamate 
ion respectively. They were recorded by the central barrel of a five-barrel 
' electrode. A cationic current of 100 nA then passed procaine from another 
barrel of the electrode, and Fig. 2G shows that not only was glutamate 
ion relatively ineffective thereafter, but also that the orthodromic spikes 
were reduced in number and size. Again full recovery was observed in 
Fig. 2H, these responses being recorded 12 min after the current applying 
procaine was terminated. These effects of procaine were observed upon 
spikes evoked by either aspartate, glutamate or cysteate ions and were not 
due to the interference between iontophoretic currents applying substances 
of opposite charge (cf. Curtis e al. 1959), since the observed action of 
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after a period in which invasion did not occur with every stimulus (B). 
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procaine often persisted for many. ‘minutes after the gationic current 
applying ithad ceased. 

In addition, procaine was ced around motoneurones, 
from which intracellular records were being obtained. Co-axial electrodes 
were used for these experiments and the results from several cells are 
illustrated in Figs. 3 and 4. Figure 3G represents the experimental situa- 
tion with the inner barrel of the electrode in an intracellular position, 
whereas the outer barrel was located extracellularly with respect to the 
motoneurone (MN). In most cases no action was observed on the resting 
potential of the cell when procaine was applied iontophoretically, although 
in a few cells a small hyperpolarization of 1-2 mV was observed. In spite 
of this virtual absence of change in the resting potential, the spike po- 
tentials of motoneurones, whether elicited by synaptic, antidromic or direct 
excitation, were altered considerably. In all cells from which records were 
obtained the intracellular electrode was recording from the soma—den- 
dritic region (cf. Coombs, Curtis & Eccles, 1957). Thus the full spike 
potential consisted of the spikes produced in a sequential fashion from 
both the initial segment (IS) and the soma—dendritic region (SD). In spite 
of resting potentials in the range — 50 to — 60 mV, the spikes were usually 
much less than 50 mV in height, owing to the distortion produced by the 
recording system. However, spike size was not an important consideration 
in the assessment of results. The responses of Fig. 3A—F were obtained 
from a motoneurone which was fired directly (ii) by a rectangular current 
pulse passed through the central barrel of the electrode, the size of this 
current pulse being indicated by the upper trace (i). In this manner the 
direct excitability of the membrane could be tested, the pulse size being 
altered under the varying conditions in order to straddle the threshold for 
excitation. Thus the size of the pulse indicated that current which was 
necessary to excite the cell in about half of 6-8 tests. Potentials generated 


by current flow through the electrode (see Fig. 3C, (ii)) were  T 


balanced out by a bridge circuit (Coombs, Curtis & Eccles, 1959). 

addition, the axon of this cell was stimulated in the ventral root, the i 
trace (iii) indicating the antidromic spike potential, which had an inflexion 
upon its rising phase due to the delay between transmission of the impulse 
from the IS to SD regions. Figure 3A is a control response; B and C were 
recorded 90 and 110 sec after a current of 400nA commenced to pass 
procaine into the environment of the cell for a total duration of 115 sec. 


Following the cessation of this current and the re-application of a backing 
current of 200 nA in the reverse direction, the responses of Fig. 3D, E 


and F were recorded 25, 40 and.75.sec later. As indicated by the lower 
trace (iii), antidromic invasion of the SD segment was blocked (C and D) 
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Fig. 3, A-F. Responses recorded from a motoneurone (MN) by means of the 
inner K,SO,-containing barrel of a co-axial electrode, as illustrated in G. The 
outer barrel contained a saturated solution of procaine hydrochloride from which 
procaine was applied as a cation for 115 sec after the control responses A were 
recorded. The resting potential of this cell was — 56 mV and increased to. —57 mV 
during the procaine application. Each record consists of six superimposed 
responses at a frequency of 1/sec, the antidromic and directly evoked spikes being 
recorded 500 msec apart. 
A, control responses: 

(i) Upper beam, relative magnitude of the current pulse which had a duration 
of 0-3 msec and evoked a spike in roughly half the tests. 

(ii) Middle beam, spike potential evoked by a rectangular current pulse ‘passed 
through the intracellular electrode. 

(iii) Lower beam, spike potential evoked by stimulating*the ventral root. _ 
B-F, as for A except that the pulse size was altered in order to straddle the 


threshold for direct excitation. B, 90 sec; C, 110 sec after the commencement of 


the iontophoretic current; D, 25 sec; E, 40 sec and F, 75 sec after its termination. 
Time marker, msec for (i) and (ii) below middle beam of C; msec for the antidromiq 
spike (iii) below F. Voltage, 30 mV for (ii) and (iii). 
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During recovery partial invasion of this segment occurred (E), but 75 sec 
after the procaine application had ceased, the SD segment was again being 
invaded by the spike potential (F). The direct threshold of the membrane 
was also increased by the action of procaine, as indicated by the size of the 
pulse (i) necessary to produce a full spike. In record C a pulse approxi- 
mately 2-3 times the size of the control (A) failed to elicit a spike, but in F, 
after the cessation of the procaine, the spike was produced by a pulse 1-5 
times the size of the control. Complete recovery occurred after a further 
period of about 30sec. These changes were accompanied by a hyper- 
polarization of 2mV, which is insufficient by itself to alter the direct 
excitability of the cell by a factor of 2:3. 

Figure 4 illustrates responses from two other motoneurones to which 
procaine was applied iontophoretically. The cell of Fig. 4A—F was excited 
orthodromically, the just-threshold excitatory post-synaptic potential 
(EPSP) being shown in Fig. 4A and the truncated spike potential in 
Fig. 4B, C, E and F. The responses were evoked by stimulation of the 


gastrocnemius nerve, the intensity of the stimulus producing the potentials — 
of Fig. 4A being doubled for the remaining records of the series. A current” 


of 200 nA passed procaine from the outer barrel of the electrode for 75 sec 
and the subsequent responses C—F were recorded 48, 72, 95 and 135 sec 


after the commencement of this current. In records C and D, taken during ~ 
the application, there was a progressive failure of spike generation, the - 


EPSP of D being in fact larger than that of A, and yet completely failing 


to evoke a spike. Recovery occurred after the termination of the.ionto- | 


phoretic current, the EPSP’s of Fig. 4E, however, producing spikes at 
slightly higher levels of membrane potential than those of A. Thereafter 
(F) a full spike only was produced. This cell had a comparatively low 
resting potential of — 50 mV and a low threshold for excitation, the control 
value of the just-threshold EPSP in Fig.4A being 2-3 mV. However, the 
results were typical of those from five other motoneurones and clearly 
indicate that the orthodromic activation of motoneurones ig blocked, not 
by an action of procaine on the production of excitatory post-synaptic 
potentials, but by a more direct effect upon the membrane. Observations 
of inhibitory post-synaptic potentials (IPSP’s) indicated that they also 
were unaltered by procaine. Thus, for the cell illustrated in Fig. 4G-I, each 
of the pairs of IPSP’s and antidromic spike potentials were recorded 
virtually simultaneously, Fig. 4G being the control responses and Figs. 4H 
and I the responses during and after the iontophoretic application of 
procaine. The procaine effectively blocked the antidromic invasion of the 


soma—dendritic membrane (H) but failed to alter the size of the IPSP. . 


This is in contrast to the action of the depressant amino acids (Curtis et al. 
1959), which, although having an action similar to procaine upon the 
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antidromic invasion of the cell, also reduced the size of both IPSP’s 
and EPSP’s. Direct measurement of the resistance of the cell membrane 
was not attempted in this series of experiments. However, the observation 


that post-synaptic potentials were unchanged indicates that this resistance 
was altered but little by procaine. If the membrane conductance had been 
increased by procaine, the subsynaptic currents generating post-synaptic 
potentials would have been partially shunted, thereby reducing the 
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Fig. 4, A-F. Monosynaptic excjtatory post-synaptic potentials recorded, as in 
Fig. 3, but from another motoneurone, in response to orthodromic stimulation, 
the volley arriving at the dorsal surface of the spinal cord indicated in the lower 
beam. The cell had a resting potential of —50 mV. Each figure consists of 15-20 
superimposed records at a frequency of 5/sec, 

A, B, control responses with maximal stimulation in B, whilst in A the EPSP just 
straddled the threshold of the céll. C-F, as for B but during and after the appli- 


cation of procaine to the cell by a current of 200 nA for 75 sec: C,.48 sec; D, 72 sec; 
*E, 95sec and F, 135 sec after this current commenced. The horizontal arrows 


indicate the size of the threshold EPSP. . 

G-I. Potentials similarly recorded from another motoneurone having caine 
potential of —55 mV. The inhibitory potential (upper beam) was evoked by 
stimulation of the peroneal nerve whereas the antidromic spike potential (lower 
beam) was produced by stimulation of the segmental ventral root. G, control 
response; H, 60 sec after a current of 330 nA had been passing procaine from the 
outer barrel of the electrode; I, 70 sec after this current ceased. 
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magnitude of the resultant potentials (cf. Eccles, 1957). In addition, the 
failure to reduce the size of these potentials indicates that impulse trans- 
mission in the presynaptic terminals was not impaired by the concen- 
trations of procaine obtained in these experiments. 


40 msec 

» Fig. 5. Spike potentials recorded on moving film as in Fig. 1, from a single Renshaw 
cell and evoked by ventral-root stimulation (A, D, G and J), by iontophoretically 
applied acetylcholine (B, E, H and K) and by glutamate ions (C, F, I and L). 
A, B, C, control responses; D, E, F, 15, 7 and 12 sec respectively after a current 
of 100 nA began to pass atropine from one barrel of the five-barrel electrode; 
this current flowed for 18sec; G, H andI, 5, 8 and 21 sec respectively after 
this current ceased; J, K, L, 3 min after the termination of the application of 
atropine. Time marker, 10 msec for all records. 


Atropine 
When administered intravenously, in comparatively large doses 
(2 mg/kg), atropine has but a slight depressant action upon the responses 
. of Renshaw cells evoked by ventral root stimulation (Kccles, Fatt & 
Koketsu, 1954). A mofé powerful depression was observed when atropine 


was passed iontophoretically on to single Renshaw cells, the excitant 
action of iontophoretically applied acetylcholine also being blocked. In 
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addition, however, as with procaine, the repetitive activation of Renshaw 
cells by glutamate ions was blocked by atropine. This is illustrated in 
Fig. 5, which shows spike responses recorded from a Renshaw cell by means 
of the central barrel of a five-barrel electrode. The recording was made in 
a similar fashion to that of Fig. 1 and the contrel records A, B and C were 
evoked by a maximal ventral root volley, by acetylcholine and by gluta- 
mate ions respectively. In the latter two cases iontophoretic currents of 
100 nA were used, this being cationic for acetylcholine and anionic for 
_ glutamate ions. An idntophoretic current of 100 nA then passed atropine 
from another barrel of the electrode for 18 sec, the responses D—F being 
recorded during this application, G—I shortly after the cessation of the 
iontophoretic current and J—L 3 min later, when complete recovery had 
occurred. The records D, G and J; E, H and K and F, I and L were 
evoked by the same stimuli as A, B and C respectively. This figure demon- 
strates that the synaptic activation of Renshaw cells as well as activation 
by acetylcholine and glutamate was reversibly suppressed by atropine, 
thus suggesting that this substance has a direct action upon the spike- 
potential generating mechanism. Alternatively, atropine could be blocking 


not only the cholinoceptive receptors but also those with which glutamic - 


acid combines. | | 

In view of the use of atropine in-determining the cholinergic nature of 
transmission at junctional regions (Ambache, 1955) it was of interest to 
investigate if the cholinergic excitation of Renshaw cells was more 
susceptible to the action of this substance than that due to glutamate ion. 
The maximum frequencies at which applications of acetylcholine and 
glutamate ion fired a Renshaw cell are plotted in Fig. 6, with filled and 
open circles respectively. These substances were’applied alternately at 
8-sec intervals, with constant currents of 100 nA for periods of 4 sec. The 
magnitude of the current applying glutamate, ion was chosen so that the 
frequency of firing was lower than that attained by acetylcholine. The 
constancy of the control responses to the left of the figure established that 
the interference between these applications was minimal, After the control 
responses a current of 15 nA passed atropine into the neighbourhood of the 
cell for 57 sec, and the alternating test applications of acetylcholine and 
glutamate continued during and after the passage of this drug. Throughout 
the series a ventral-root stimulus evoked responses from this cell and it 
was noted that when atropine blocked the responses to acetylcholine, these 
synaptically elicited spikes were reduced in number. However, there was 
very little alteration in the frequency of the firing produced by glutamate 
in this series, in spite of this substance being initially less effective in firing 
the cell than acetylcholine. With larger iontophoretic currents applying 
atropine, the spikes evoked by both glutamate and acetylcholine could be 
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blocked. Analyses such as these were performed upon several cells, and it 
was found that currents of from two to three times that necessary to block 
acetylcholine were necessary to suppress completely the excitation evoked 
by glutamate. 
The responses of Fig. 7 show that atropine also suppressed the excitation 
of interneurones. These spike potentials were recorded extracellularly by 
means of the central barrel of a five-barrel electrode, those of Fig. 7A, B 


_ and C being evoked by a maximal dorsal root volley, whereas those of 


Atropine 


0 10 20 30 40 50 60 70 8 9 100 110 120 

Time (sec) 


Fig: 6. Maximal frequencies of firing of a Renshaw cell evoked by applications of 
acetylcholine (@) and glutamate ions (©) passed iontophoretically from separate 
barrels of a five-barrel electrode, the central barrel of which was used for recording 
the responses. The applications were for periods of 4 sec, the substances being — 
applied in turn approximately every 8 sec. During the time indicated by the 
horizontal bar, a current of 15 nA passed atropine from another barrel of the 
electrode, Ordinate, spikes per second, | 


Fig. 7D, E and F were produced by the iontophoretic application of 
glutamate ions. After the control responses A and D, a current of 250 nA 
was used to pass atropine out of the electrode for 30 sec and the traces of 
Fig. 7B, E and C, F were recorded 5 sec and 2 min after the cessation of 
this current, respectively. It is apparent that atropine depressed the 3 


_ production of both the synaptically and chemically evoked spikes of the 


interneurones. The observation that the excitant action of glutamate was 
blo-ked for some tifme after the cationic current applying atropine was 
terminated excludes the possibility that such action arose because of an 
interference between the currents applying these oppositely charged ions. 
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After applying atropine with currents of 100-200 nA for periods as long 
as 60 sec, the full recovery of both orthodromic and amino acid-evoked 
spikes of interneurones usually took 2-3 min. This action of atropine is very 
similar to that of procaine illustrated in Fig. 2. Although the ionto- 
_phoretic method of applying drugs to neurones does not allow an accurate 
assessment to be made of relative potencies of action, the slower develop- 
ment of the blocking action of atropine with currents of 150-200 nA 
indicated that it was not as powerful a depressant as procaine. — 


Fig. 7. Spike potentials recorded extracellularly from an interneurone of the L7 
segment of the spinal cord by means of the central barrel of a five-barrel electrode. 
A, B and C, evoked by a dorsal root volley, this stimulus also being repeated in 
F, G and H; D, E and F, evoked by glutamate ion. In each case a current of 
100 nA was used and the traces illustrated were recorded 3 sec after this current 
began. A, D, controls; B, E, 5 sec after the termination of a current of 250 nA 


passed atropine from the electrode; C, F, 2 min later than B, E; time marker, 
10 msec. 


In order to determine the action of atropine upon the membrane of 
motoneurones, it was applied extracellularly from the outer barrel of 


co-axial electrodes whilst intracellular records were obtained by means of 


the central barrel (cf. Fig.°3). The results were similar to those obtained 
with procaine, the records from one cell being illustrated in Fig. 8. This, 
a gastrocnemius motoneurone, had a resting potential of —50 to —58 mV 
for a period of 30 min and spike responses could be evoked by stimulation 
of the Group I gastrocnemius afferent fibres (A—F, (i)), the threshold of 


the spike being indicated by the horizontal arrow in each case. The volley - 


arrival at the dorsal surface of the spinal cord was indicated by the tri- 
phasic potential of Fig. 8 A-F, (ii). In addition, this cell could be excited 
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directly by a pulse of 0-3 msec duration which was passed through the 
intracellular electrode, as in Fig. 3. The size of this pulse (Fig. 8, A-F, (iii)) | 
was varied in order to straddle the threshold of the cell, so producing spike 
potentials (Fig. 8 A—F’, (iv)) in approximately half of the six to eight tests. 
These tests were made 500 msec before the orthodromic responses, at 
1 sec intervals. 

In Fig. 8A (i) the spike potential was produced by a maximal Group I 
orthodromic volley, the threshold level of the EPSP for spike initiation 
being indicated by the horizontal arrow. Whilst the responses of Fig. 8B (i) 
were being recordéd, the intensity of the stimulus applied to the gastro- 
cnemius nerve was reduced in order to demonstrate the amplitude of the 
subthreshold, post-synaptic excitatory potentials; the threshold for 
excitation was about 3mV. A current of 300nA then passed atropine 
from the outer barrel of the co-axial electrode for 75 sec, the responses of 
C and D being recorded during this application and those of E and F 
after the termination of the current. Consideration of the orthodromic 
responses (i) shows that the threshold of the neuronal membrane was 
increased, the EPSP of Fig. 8D being 11 mV and yet failing to excite the 
cell, apart from one spike. After the current applying atropine ceased, the 
orthodromic activation of the cell recovered gradually, the threshold in 
Fig. 8F being approximately 3 mV. These observations were paralleled by 
the changes in the direct excitability of the membrane, a pulse of three 
times the size of the control (Fig. 8 A) failing to evoke a spike in Fig. 8D. 
When connected to a direct-coupled amplifier, an intracellular electrode 
records not only the resting membrane potential of the impaled cell but 
also potentials due to the electrode itself. The ‘resting’ potential is deter- 
mined as the difference between potentials recorded intracellularly and 
extracellularly, it being usual to assume that the ‘electrode’ potentials are 
identical under these circumstances. In many cells fluctuations are . 
_ observed in the recorded potential which are not paralleled by changes in 
the excitability of the membrane. Consequently these changes in potential, — 
of the order of 2-10 mV, are associated with the electrode. The potential 
of the cell from which the records of Fig. 8 were obtained had been steady 
during the 30 sec before the application of atropine. With the passage of 
iontophoretic current through the outer barrel of the co-axial electrode the 
recorded potential commenced to increase and continued to do so until at 
the cessation of current flow it was 8 mV greater than just before the 
beginning. The potential then remained constant at this new value for a 
further 140 sec. It might be considered that this ‘hyperpolarization ; 
seemingly associated with the action of atropine, accounts for the increase 
in threshold and decrease in membrane excitability of the cell. That such 
is not the case is demonstrated by the complete recovery of excitability 
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(i) 


(i) 


(ii — 


(iii) 
msec 


Fig. 8. Responses from a gastrocnemius motoneurone of resting potential — 50 
to —58 mV. All spike potentials are truncated and were recorded by the cepiees 
barrel of a co-axial“assembly. « 


(i) Orthodromie activation sibdineed by stimulating the Group I afferent fibres 
of the gastrocnemius nerve, the arriving volley being recorded (ii) at the dorsal 
surface of the L7 segment of the cord. The threshold of the cell is marked by a 
horizontal arrow. The excitability of the cell was tested by means of a current 
pulse of 0-3 msec duration (iii) applied through the central barrel of the electrode. 
The size of this pulse-was altered so that in approximately half the tests a spike 
potential was evoked (iv). 

A, B, control responses, the size of the orthodromic volley being progressively 
decreased in B; C, D, 45 and 68 sec respectively after an iontophoretic current of 
300 nA passed atropine from the outer barrel of the electrode: a current of 400 nA 
in the opposite direction had previously, prevented this ion from leaving the 
electrode; E, F, 33 and 225 sec respectively after the atropine application was 
terminated. Each record consists of 4~8 responses at a frequency of 1/sec, the 
orthodromic and direct spikes being elicited 500 msec apart. 


‘ 
= 
A 
if 
i 
4 
1 
a 


PROCAINE AND ATROPINE ON SPINAL NEURONES 31 


within 110 sec of the cessation of the current applying the atropine, in . 
spite of the persisting ‘hyperpolarization’ (compare A, (i), (iii) and (iv) 
with F (i), (iii) and (iv)). The application of atropine to two other moto- 
neurones with different co-axial electrodes resulted in similar changes of 
excitability without alteration in membrane potential. These results 
indicate, therefore, that atropine has a reversible depressant action upon 
the processes responsible for the rising phase of the spike potential of 
motoneurones. | 


DISCUSSION 


Direct observations upon motoneurones of the lumbar segments of the 
cat indicate that procaine, in the absence of a change in membrane po- 
tential, raises the threshold of the neuronal membrane to direct, ortho- 
.dromic and antidromic stimulation. There appears to be little or no change 
in either excitatory or inhibitory post-synaptic potentials or in the 
membrane resistance. Observations upon Renshaw cells and interneurones 
_ are in accordance with these findings, there being suppression of the spikes 
evoked either orthodromically or by excitant amino acids. In addition, it 
has been reported that the excitant action on neurones of compounds which 
chelate calcium ions is also prevented by procaine (Curtis, Perrin & 
Watkins, 1960). These results therefore indicate that procaine has a direct 
action upon the post-synaptic membrane of all of these types of neurone. 
independent of any effect it might have at the cholinoceptive receptors of 
Renshaw cells: 

Thus, in common with the investigations upon squid axons (Shanes et al. 
1959; Taylor, 1959), it can be concluded that procaine prevents the 
initiation of neuronal spikes, presuiMably by depressing the effectiveness 
with which depolarization of the membrane produces a high sodium perme- 
ability during the rising phase of the spike potential. Since the EPSP is 
‘unaltered and since there is probably an increased membrane permeability © 
to sodium, as well as to other ions, during such a potential (Eccles, 1957), 
it can be concluded that the manner in which sodium ion passes through 
the membrane during the EPSP is different from that in which it does so 
during the spike. The progressive diminution in the size of the neuronal 
spikes produced by procaine can be accounted for by its blocking action 
upon areas of the neuronal membrane closest to the applying electrode, 
other portions of the cell continuing to be activated both chemically and 
synaptically. It is of interest that the membrane of motoneurones appears 
te be more susceptible to the action of procaine than that of the terminal 
aiferent fibres having synaptic endings upon these cells. This conclusion is 
similar to that of Harmel & Malcolm (1958), who studied the action of 
_ procaine upon the motoneurones of the isolated frog’s spinal cord. 
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Since extracellular records only were obtained from Renshaw cells, it 
could not be determined if procaine blocked the action of acetylcholine 
upon the post-synaptic receptors of these cells. However, since the end- 
plate potentials and potentials evoked by iontophoretic application of 
acetylcholine at the neuromuscular junction are reduced in size by this 
drug (del Castillo & Katz, 1957), it is very likely that procaine has a dual 


‘action upon Renshaw cells. Thus it is probable that procaine not only . 


raises the threshold of the electrically excitable membrane of these cells, 
but also hinders the production of an EPSP by the synaptically released 
acetylcholine. 


The results obtained in the present series of experiments indicate that. 


atropine has actions similar to those of procaine, although it is probably 
not as effective a depressant of non-cholinoceptive neurones. The demon- 
stration that this substance affects the electrical excitability of the moto- 
neurone membrane renders unlikely the possibility that the blocking action 
of atropine upon the glutamate-induced spikes of Renshaw cells is due to 
this agent blocking the amino-acid receptor sites (p. 26). The actions of 
atropine upon cholinoceptive receptors and the sodium ‘carrier’ system 
are not surprising in view of the fact that both atropine and procaine are 
tertiary amino esters of aromatic acids and that atropine has approxi- 


mately half the local anaesthetic potency of procaine (de Elio, 1948). In 


addition, many atropine analogues possess cocaine-like actions (Blicke & 


Kaplan, 1943). A variety of central actions of atropine have been described 


(Schweitzer & Wright, 1937; Biilbring & Burn, 1941; Calma & Wright, 
1944; Feldberg, 1945; Rinaldi & Himwich, 1955; Bradley & Elkes, 1957; 
Feldberg, 1957) and many of these have been assumed to be due to the 
blocking action of this substance at cholinergic junctions, although 


Feldberg (1945) pointed out that atropine has a non-specific depressant — 


action upon cells. The present results indicate that, since the concentration 
necessary to block the cholinergic excitation of Renshaw cells was lower 
than that which interferes with glutamate excitation by a factor of only 
two or three, care must be exercised when interpreting results obtained 
with this substance. Thus susceptibility to atropine may not of itself 
establish that synaptic transmission at a “paramar junctional region is 
cholinergic in nature. 

Although direct evidence is lacking, atropine, being a tertiary amino 
compound, would be expected to penetrate the blood-brain barrier. 
Hence the relative ineffectiveness of this drug upon Renshaw cells fol- 
lowing intravenous administration is presumably due to the lower local 


concentration attained by this method, compared with that obtained by 
iontophoretic application. 
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SUMMARY 


1. Procaine and atropine have been applied iontophoretically to inter- 
neurones, motoneurones and Renshaw cells of the spinal cord of the cat, 
lightly anaesthetized with pentobarbital sodium. 

2. The spike responses of such cells, whether elicited synaptically, anti- 
dromically, directly, or by the application of chemical excitants, were 
suppressed by these substances. 

3. The post-synaptic and resting potentials of motoneurones were 
unaltered. 

4. It is concluded that procaine and atropine, in addition to their 


blocking actions at cholinoceptive synapses, have a direct action on the 


post-synaptic membrane, presumably by preventing the activation of the 
sodium ‘carrier’. 
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Recently Feldberg & Fleischhauer (1960) have shown that in cats. 
anaesthetized with pentobarbitone sodium, tubocurarine applied to the 
dorsal surface of the exposed cervical cord at the level of Cl produces 
muscular activity in the hind legs. As the pattern of this activity re- 
sembled that of the scratch reflex, they concluded that tubocurarine 
elicits scratching movements by its action on a restricted area of the upper 
cervical cord. The present experiments are a continuation of this work. 
They show that tubocurarine is effective also when applied to the level of 
C2 and that besides eliciting scratching movements, it facilitates the 
scratch reflex which can be evoked by rubbing the pinna of the ear or the 
skin behind the ear. When the effects of tubocurarine were compared in 
cats anaesthetized with pentobarbitone sodium and in decerebrate cats, 
a difference in the pattern of movements was observed. The movements 
were usually more rhythmic during pentobarbitone sodium anaesthesia 
and more sustained in decerebrate cats. 


METHODS 


Cats weighing 2-1-3-5 kg were used. They were either anaesthetized with pentobarbitone 
sodium (33 mg/kg) injected intraperitoneally, additional amounts being injected during the _ 
course of prolonged experiments, or decerebrated at the anterior collicular level under ethyl 
chloride-ether anaesthesia. 

The experimental procedures were. essentially those employed by Feldberg & Fleisch- 
hauer (1960). The cat was lying on its belly and the head was fixed to the ear bars of a head 
holder, similar to the Horsley—Clark stereotaxic instrument. The upper cervical cord was 
exposed and myographic records were taken from the tibialis anterior muscles. 

In order to apply tubocurarine to the exposed dorsal surface of the cervical cord, tubo- 
curarine chloride was dissolved in an artificial cerebrospinal fluid (c.s.f.) of the composition 
given by Merlis (1940). A pledget of cotton wool was soaked in this solution and placed on 
the desired region of the cervical cord. The procedure frequently adopted was that of leaving 
the tubocurarine on the cord for periods of 15 min and washing the cord with pledgets soaked 
in artificial ¢.s.f, for periods of 30 min. The pledgets were changed every few minutes. 
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The scratch reflex was evoked by rubbing either the pinna of the ear between the fingers 
or the skin of the neck behind the ear. 

In two experiments the effect of chloralose was investigated during pentobarbitone 
sodium anaesthesia. The chloralose (30 mg/kg) was injected, in a 1% solution, into the 
superficial vein of the right foreleg. 

In several experitnents the medulla oblongata was transected below the obex, sometimes 
after hemisection at the level indicated in Fig. 1 of Feldberg & Fleischhauer (1960). 


A 


Fig. 1. Records of anterior tibialis muscles of four cats%naesthetized with pento- 
barbitone sodium (A to D), and of four decerebrate cats (Z to H). Muscular 
activity produced by application of tubocurarine 1/1000 to the dorsal surface of 
the cervical cord at the level of Cl, with the — of cat G where it was 
applied at the level of C2. Time marker, 10 sce. 


RESULTS 
Cats anaesthetized with pentobarbitone sodium 


Scratching movements of the hind legs were obtained not only on 
application of tubocurarine dissolved in artificial c.s.f. to the dorsal surface 
of the cervical cord at the level of C1, but also down the cord to the level 
of C2, although here higher concentrations of the drug were required. 

Spontaneous muscular activity. Figure 1 shows typical bursts of scratching 
movements at A-C and a period of more continuous rhythmic activity at 
D during application of tubocurarine 1/1000 at the level of C1. The effects, 
which are often associated with extension and adduction of the ipsilateral 
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- foreleg, are similar to those described by Feldberg & Fleischhauer (1960). 


In one experiment the muscular activity in the hind leg consisted of inter- 
mittent sustained contractions. The onset of this activity in the left 
tibialis muscle is illustrated at H in Fig. 2. 

When applied at the level of C1, tubocurarine in a concentration of — 
1/2000 was effective in all experiments; a concentration of 1/5000 was 
tested in two experiments but produced muscular movements in only one. 


C | E F G 
rere le re le re le | 
Fig. 2. Records of left (L) and right (R) anterior tibialis muscles of a cat anaes- 
thetized with pentobarbitone sodium. A, a few minutes after exposure of the 
upper cervical cord before application of tubocurarine; B, C and D, 5, 10 and 
15 min later. H, during application of tubocurarine 1/5000 to the dorsal surface 
of the cervical cord at the level of Cl. F and G, 10 and 20 min after removal of 
the tubocurarine. H, during application of tubocurarine 1/2000 at the level of C1. 


On the right, tension in grams. Bottom signals indicate the periods of rubbing 
the left or right ear (le and re). Time marker, 10 sec. 


H 


In this experiment 1/10,000, applied for 15 min, was weakly effective. The 


response was delayed until 4 min after removal of the tubocurarine and 
consisted of a few contractions in one leg only. The tension developed in 
the tibialis muscle was approximately 100 g. 

When the tubocurarine was removed and the surface of the cervical 
cord was washed repeatedly with pledgets soaked in artificial c.s.f., the 
muscular activity gradually subsided, the contractions becoming pro- 
gressively weaker and less frequent, and ceasing within 15-40 min, 
according to the concentration of the tubocurarine used and the duration 
of its application. . 
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Tubocurarine applied at the level of C2 in a concentration of 1/2000 
produced no muscular movements; 1/1000 did so, but not in all experi- 
ments, and sometimes in one hind leg only, although the tu’vocurarine was 
applied to both sides of the cervical cord. In some experiments the effect 
consisted of a few weak contractions which occurred after a long delay; in 
others the contractions were as strong as those obtained with tubocurarine 


(+) 


Fig. 3. Records of left (L) ie right (R) tibialis anterior muscles of a cat anaes- 

thetized with pentobarbitone sodium. A, during the end of a 15 min period of 
application of tubocurarine 1/1000 to the dorsal spinal surface at the level of C2. 
Tubocurarine removed at (+). B, 25min after removal of the tubocurarine. 
Bottom signal indicates the periods of rubbing the left or right ear (le and re) 
and the skin of the neck behind the left or right ear (In and rn); for details see text. 

Time marker, 10 sec. 


1/1000 applied at the level of C1. Figure 3 illustrates an experiment in 
which the application of tubocurarine 1/1000 at the level of C2 caused 
contractions in the left hind leg only. 

_ In one experiment tubocurarine was applied transversely to a restricted 
region between the levels of insertion of the sensory roots of C1 and C2, by 
means of a cotton thread used as a wick. Spontaneous scratching move- 
ments occurred, as illustrated in Fig. 4, 

Tubocurarine 1/1000 applied at the level of C3 failed to produce muscular 
effects, even in those experiments in which the application at the level of 
C2 caused strong contractions. 
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Scratching movements elicited by skin stimulation. Before the tubo- 
curarine was applied, rubbing the pinna of the ear or the skin behind the 
ear usually produced no muscular effects. In a few experiments, however, 
there was a short period immediately following the exposure of the upper 
cervical cord during which such stimulation produced scratching move- 
ments in the ipsilateral hind leg. This over-excitability always decreased 
rapidly and the skin stimulation became ineffective within 15-30 min. In 
one experiment the response to rubbing an ear during this initial period of - 


Fig. 4. Record from the left tibialis anterior muscle of a cat anaesthetized with 
pentobarbitone sodium. A scratch reflex evoked on rubbing the pinna of the left 
ear and a spontaneous burst of smaller scratching movements during application 
of tubocurarine 1/1000 between the levels of insertion of the sensory roots of C1 
and C2 by means of a cotton thread used as a wick. Bottom signal indicates the 
period of rubbing the pinna of the left ear. Time marker, 10 sec. 


over-excitability did not consist of rhythmic beats but of a weak sustained 
contraction, as illustrated at A, B and C in Fig. 2. This effect, which 
occurred on the left side only, was obtained in the experiment in which the 
spontaneous movements on application of tubocurarine also consisted of 
sustained contractions. 

When tubocurarine was applied to the region of C1 in a concentration 
evoking spontaneous movements, bursts of scratching movements could 
always be elicited in a hind leg on rubbing the ipsilateral ear, but not on 
rubbing the skin behind the ear. When a scratching response was evoked 
by rubbing the ear, any spontaneous activity present in the opposite hind 
leg ceased. Rubbing the ear did not evoke movements in the foreleg. 
A typical evoked scratching response of the left tibialis muscle is illustrated 
in Fig. 5. The response was obtained on the application of tubocurarine 
1/2000 during an interval between spontaneous movements, and was 
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recorded on a fast drum the better to illustrate the individual beats. The 
left ear was rubbed for about 7 sec; the response began as soon as the ear 
was touched, but rhythmic beats continued for a few seconds after cessation 
of stimulation. The evoked scratching movements were often stronger than 
those occurring spontaneously (see Figs. 3 and 6). 

In the one experiment in which the spontaneous movements following 
application of tubocurarine 1/1000 at the level of C1 consisted of sustained 
irregular contractions, rubbing the ears also produced sustained contrac- 
tions without rhythmic beats, as is shown at H in Fig. 2. 


Fig. 5. Records from the left tibialis anterior muscle of a cat anaesthetized with 
pentobarbitone sodium. Two scratching responses evoked on rubbing the pinna 
of the left ear during application of tubocurarine 1/2000 (at.A) and 1/1000 (at B) 
to the dorsal surface of the cervical cord at the level of Cl. B was taken a fow — 
minutes after transection of the medulla just below the obex. Bottom signals 
indicate the periods of rubbing the pinna. Time marker, 10 sec. 


In those experiments in which tubocurarine 1/1000 applied to the region 
of C2 produced spontaneous movements, scratching movements could be 
evoked by rubbing the pinna and sometimes also by rubbing the skin 
behind the ear. In fact, in one experiment this stimulus evoked stronger 
scratching movements than rubbing the pinna. Usually, however, rubbing 
the pinna was the stronger, and sometimes the only effective, stimulus. 
Figure 3 illustrates an experiment in which the scratching movements 
evoked from the pinnae were stronger than those evoked by rubbing the 
skin behind the ears; they were also stronger than the movements which 
occurred spontaneously. 

In the one experiment in which the tubocurarine was applied trans- 
versely to a restricted region between the levels of insertion of the sensory 
roots of C1 and C2, rubbing the pinna evoked a strong scratch reflex 
(see Fig. 4). 

The scratching movements evoked on skin stimulation occurred not only 
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during periods of spontaneous movements caused by the application of 
tubocurarine, but also during the latent period before the spontaneous 
movements began and for some time after their cessation on removing the 
tubocurarine from the cervical cord. A concentration of tubocurarine too 
weak to produce spontaneous movements was sufficient to evoke scratching 
movements on skin stimulation. Some of these results are seen in Figs. 2 
and 3. 


Tension (g) 
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Fig. 6. Records of left (L) and right (R) tibialis anterior muscles of a cat anaes- 

| thetized with pentobarbitone sodium. Tubocurarine 1/1000 had been applied 
for 15 min to the dorsal surface of the cervical cord at the level of Cl. A, about 

: 15 min after removal of the tubocurarine, B, 20 min after A, during renewed © 
application of tubocurarine. Bottom signals indicate the periods of rubbing the 
pinna of the left or right ear (le and re) and the intravenous injection of chloralose 
30 mg/kg (Chl). Time marker, 10 sec. Hise 


In the experiment of Fig. 2, tubocurarine 1/5000 applied at the level of 
‘C1 for 15 min produced no muscular activity, yet during and for some time 
after its application rubbing a pinna evoked strong responses. These 
consisted of a sustained contraction without rhythmic beats (at HZ and F). 
In this experiment the spontaneous muscular movements were also 
sustained contractions. | | 
In the experiment of Fig. 3 (at A), the application of tubocurarine 
| 1/1000 to the level of (2 produced spontaneous movements in the left 
hind leg only, yet rubbing the ear or the skin behind it evoked ipsilateral 
_ Scratching responses in both hind legs. Thirty minutes after removal of the 
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tubocurarine, when the spontaneous activity in the left tibialis muscle had 
ceased, rubbing the left ear still produced the characteristic meerentng 
response (Fig. 3 at B). 

As the evoked scratching responses gradually subsided after removal of 
the tubocurarine, they not only became weaker but were often delayed as 
well. The movements no longer began immediately on touching the sensi- 
tive skin areas, but only after they had been rubbed for several seconds. 

Apart from the two restricted areas, rubbing the skin of any other part 
of the body, such as the shoulder, the ribs, or the face, did not evoke 
scratching movements when tubocurarine was applied to the level of C1 
or C2. Touching the whiskers was also ineffective. | 


When tubocurarine 1/1000 was applied to the level of C3, rubbing the 


skin of any part of the body was inottective in evoking scratching 
movements. 

Additional pentobarbitone sodium and chloralose. When a dose of pento- 
barbitone sodium 15 mg/kg, which is a ‘little less than half the dose used 
initially for the anaesthesia, was injected intraperitoneally, the spon- 
taneous activity produeed by the tubocurarine was attenuated for 2—24 hr. 
The strength of contractions of the tibialis muscles diminished and the 
- intervals between the bursts of activity lengthened. The degree of attenu- 
ation varied in different experiments. 

In two cats anaesthetized with pentobarbitone sodium chloralose 
30 mg/kg was injected intravenously. This dose, which is a little less than 
half the full anaesthetic dose, abolished the muscular activity produced by 
tubocurarine, as is shown in Fig. 6. Both the spontaneous activity and the 
evoked responses were abolished, without recovery during the following 
3 hr. 

Hemisection and transection of the medulla. Hemisection of the medulla 
below the obex did not affect, or only slightly decreased the strength of 
contractions produced by tubocurarine or of evoked responses in both hind 
legs. Transection of the medulla, whether or not preceded by hemisection, 
always resulted in an immediate large reduction in the strength of the 
spontaneous movements. The evoked responses were also greatly reduced 
but, as is illustrated in Fig. 5B, their rhythm remained unchanged. In 


those experiments which were continued for 14-2 hr after the transection 
the reduced activity persisted. 


Decerebrate cats 


Feldberg & Fleischhauer (1960) showed that decerebration did not 

_ abolish the spontaneous movements which occur on topical application of 

tubocurarine to the upper cervical cord. In their experiments decerebra- 

tion was carried out during pentobarbitone sodium anaesthesia, so that 
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the effect of this anaesthetic was not excluded. Inthe present experiments 
decerebration was performed under a volatile anaesthetic and the tubo- 
curarine effect was investigated later, at a time when it could no longer be 
influenced by the anaesthetic agent. The characteristics of the response to 
tubocurarine in these animals were that the strength of the movements in 
the hind legs was usually stronger, and that the movements tended to be 
more sustained than in cats anaesthetized with pentobarbitone sodium. 
These differences applied to the spontaneous activity and to the evoked 
responses. Movements of the foreleg were also much more pronounced. 
Spontaneous muscular activity. When tubocurarine was applied at the 
level of C1 or C2, spontaneous movements in the hind legs began after a 
latency which varied between 2 and 15 min. The flexion of the hind leg 
which initiates a scratching movement was often sustained and not fol- 
lowed by the typical strong beats, so that the response was not easily 
recognizable as a scratching movement. The tension developed in the 
tibialis muscles sometimes reached 2 kg or more. Relaxation occurred 
with or without rhythmic beats. Succeeding similar contractions often 
followed at random. Sometimes the activity in the tibialis muscle was . 
interrupted by periods of quiescence lasting several minutes. When the 
tubocurarine was applied by means of a cotton thread to one side of the 
cord, the response occurred in the ipsilateral leg; when applied to both 
sides, responses occurred in both hind legs, but alternately. When the 
application was continued the maximum tension developed during these 
contractions tended to decrease. On removal of the tubocurarine from the 
spinal cord the subsidence of spontaneous movements was the same as that 
described in cats anaesthetized with pentobarbitone sodium. Figure 1 
illustrates, in the lower records, typical sustained contractions of the 
tibialis muscle with no, or only. a few, signs of rhythmic beats and, in 
contrast, in the upper records, the rhythmic pattern of movements ob- 
tained under pentobarbitone sodium anaesthesia. The contractions at 
E, F and G@ last approximately 20 sec. They are followed by periods of 
quiescence and correspond to the bursts of rhythmic beats seen during 
pentobarbitone anaesthesia. At H such rhythmic beats are in fact seen to 
be superimposed on the strong contraction. Even when the record suggests 
a single sustained contraction, there are often small rhythmic movements 
of the foot which are too weak to be recorded by the lever system used. At 
H the record is taken on a faster drum and illustrates the random nature 
of the sustained contractions. a 
In a few experiments the muscular effect consisted of typical scratching 
movements or bursts of rhythmic beats characteristic of the experiments 
in pentobarbitone sodium anaesthesia. In yet other experiments the 
muscular effect began with a burst of rapid rhythmic activity, followed 
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by more sustained irregular contractions. In all experiments in which the 
pattern of movements consisted mainly of irregular sustained contractions 
there were, nevertheless, from time to time, periods in which bursts of 
rhythmic beats occurred. 

The pattern and strength of muscular movements were essentially the 
same whether the tubocurarine was applied at the level of C1 or C2, but 
at the level of C1 lower concentrations were effective. At C1 spontaneous 
movements occurred with a concentration as low as 1/5000, but at C2 
only with 1/1000, and at C3 even 1/1000 was ineffective. 

Strong activity in a hind leg was associated with extension, elevation 
and adduction in the ipsilateral foreleg, whilst the claws were often pro- 
truded. The movement resembles that made by a cat when wiping some- 
thing off its face. 

Scratching movements elicited by skin stimulation: Before the application of 


tubocurarine, scratching movements on rubbing the ear, or the skin behind | 


it, were obtained only immediately following the exposure of the dorsal 
surface of the upper cervical cord. The over-excitability, as in cats under 
pentobarbitone sodium, decreased rapidly and the skin stimulation became 
ineffective. 
When tubocurarine was applied at the level of C1, rubbing the ear 
evoked scratching movements in the ipsilateral hind leg, often accom- 
panied by movements of the ipsilateral foreleg. Rubbing the skin behind 
the ear was ineffective. When tubocurarine was applied at the level of C2, 
scratching movements of the hind leg were regularly obtained on rubbing 
the skin behind the ear, but seldom on rubbing the pinna itself. With both 
sites of application rubbing the skin of any other part of the body was 
ineffective. When tubocurarine was applied to one side of the cervical cord, 
the evoked scratching movements were obtainable on the sante side only. 


When tubocurarine was applied at the level of C3, no scratching movement 


‘could be evoked on rubbing the ear, the skin behind it, or elsewhere. 

The scratching movements evoked by skin stimulation were obtained in 
the period preceding spontaneous movements, during spontaneous activity, 
and for some time after it had ceased following removal of the tubocurarine. 
When spontaneous activity was present the evoked movements were most 
clearly demonstrated during intervals of quiescence. They could also be 
elicited with tubocurarine in concentrations too weak to produce spon- 
taneous movements, for instance, with 1/10,000 applied at the level of 
C1 and with 1/2000 at the level of C2. 

The pattern of the evoked scratching movement was usually a sustained 
contraction with or without a superimposed series of weak beats. Some- 
times, however, it consisted of a series of strong rhythmic beats. This 
appeared to be related to whether the spontaneous activity consisted 
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primarily of bursts of rhythmic beats, or, as was more usual, of sustained 
contractions; in general, however, the evoked responses tended to be more 
rhythmic than the spontaneous movements. The evoked responses some- 
times outlasted the period of skin stimulation for a few seconds and were 
often stronger than those occurring spontaneously. Representative results 
are illustrated in. Figs. 7, 8 and 9. In the experiment of Fig. 7 tubo- 
curarine 1/1000 was applied for 15 min to both sides of the cord at the 
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Fig. 7. Records of left (L) and right (R) anterior tibialis muscles of a decerebrate 
cat. A, during application of tubocurarine 1/1000 dorsally at the level of C2. 
B, 8 min after removal of the tubocurarine and subsidence of the spontaneous 
movements. C, D, E and F, 15, 30, 35 and 40 min, respectively, after removal of 
the tubocurarine. G, during application of tubocurarine 1/1000 at the level of C1. 
Bottom signal indicates the periods of rubbing the pinna of the left or right ear 
(le and re) and the skin of the neck behind the left or right ear (In and rn) ; for details 
see text. Time marker, 10 sec. 


level of C2. Spontaneous muscular activity occurred on the right side 
only (at A); yet (at B) the right hind leg as well as the left responded to 
stimulation of the skin behind the ear, but rubbing the pinna itself was 
ineffective. Following removal of the tubocurarine this evoked response 
disappeared on the left side within 15 min whilst it was still obtainable on 
the right side (at C). It decreased gradually on this side too, and 35 min 
after removal of the tubocurarine the response was reduced and occurred 
only after the skin had been rbbed for 20 sec (at Z). Forty minutes after 
removal of the tubocurarine the response was absent (at ). On the other 
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hand, when tubocurarine was applied at the level of C1, rubbing the ears 
produced strong evoked responses in both legs. This is illustrated for tite — 
right tibialis muscle at G. The moment the ear was touched a strong con- 
traction occurred followed by weaker rhythmic beats. Rubbing the _ 
behind the ear was ineffective. 

. Figures 8 and 9 illustrate two patterns of responses evoked by rubbing 
the ear, recorded on a faster drum. The effects were obtained after the 


A 


Fig. 8. Records of the left anterior tibialis muscle of a decerebrate cat. Evoked 
responses on rubbing the pinna of the left ear before (at A) and 2 hr after (at B) 
an intraperitoneal injection of pentobarbitone sodium 30 mg/kg. The responses 
were obtained a few minutes after removal of tubocurarine 1/5000 (at A) and 1/1000" 
(at B), after spontaneous activity had ceased. The tubocurarine had been applied 
dorsally at the level of C1 each time for 15min. Bottom signals indicate the 


periods of ith the paren of the left ear; for details see text. Time marker, 
10 sec. isa 


disappearance of spontaneous movements following removal of tubo- 
curarine from the region of C1. In the experiment of Fig. 8 the pattern 
of spontaneous activity produced by tubocurarine had been that of 
sustained irregular contractions, whereas Fig. 9 is from one of the few 
experiments in which the spontaneous activity was characterized by bursts 
of rhythmic beats. These two patterns are reflected in the evoked responses 
as well. Figure 9 also illustrates that the evoked response occurs in the 
ipsilateral leg only. 

Effect of pentobarbitone secttabe, In the decerebrate cat the intraperi- 
toneal injection of pentobarbitone sodium 20-30 mg/kg not only diminished 
the strength of the spontaneous contractions to a varying extent but also 
changed their character, i.e. they became more rhythmic. The evoked 
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responses showed the same change but did not necessarily decrease in 
strength. These results are illustrated in Figs. 8 and 10. Figure 8 shows the 
change in pattern of the evoked response on rubbing the left ear and 
Fig. 10, from the same experiment, the changes in spontaneous activity 


le re 
Fig. 9. Records of the left (L) and right (R) anterior tibialis muscles of a decere- — 
brated cat. Evoked responses on rubbing the left (le) and right (re) ear a few 
minutes after removal of tubocurarine 1/1000 and after cessation of spontaneous 
activity. The tubocurarine had been applied dorsally at the level of C1 for 15 min. 
Bottom signals indicate the periods of rubbing the pinnae of the ears. Time 
marker, 10 sec. 


following intraperitoneal injection of pentobarbitone sodium 30 mg/kg. 
The spontaneous activity produced by the application of tubocurarine 
1/5000 decreased in the left hind leg and became more rhythmic in 
character. In the right hind leg it was abolished, but rubbing the ear was 
still effective (at B). When the concentration of tubocurarine was increased 
to 1/1000 spontaneous activity reappeared in both legs (at C). 
Transection of the medulla. Transection of the medulla below the obex 
greatly reduced spontaneous activity produced by tubocurarine as well as 
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the evoked responses, which in addition became more rhythmic in 
character. Unlike the results obtained in the cats under pentobarbitone 
sodium anaesthesia, in decerebrate cats the scart daa ceased within 10 min 
of transection. 


Fig. 10. Records of left (L) and right (R) anterior tibialis muscles of a decere- 
brate cat before (at A) and after (at B and C) intraperitoneal injection of pento- 
barbitone sodium 30 mg/kg, during the dorsal application of tubocurarine 1/5000 
(at A and B) and 1/1000 (at C) at the level of Cl. Bottom signal in B indicates a © 
period of rubbing the pinna of the right ear. Time marker, 10 sec. 


DISCUSSION 


_ Feldberg & Fleischhauer’s (1960) conclusion that the movements seen 
during tubocurarine application to a restricted area of the cervical cord — 
at the level of C1 were scratching movements was based on the observed — 
similarity between these movements and those a cat makes when scratching 
itself. The movements of the hind legs were considered to.be those of a 
scratch reflex. These conclusions are no longer based solely on this simi- 
larity but also on the finding that tubocurarine facilitates the scratch 
reflex evoked on rubbing the pinna of the ear or the skin behind it. 

In the present experiments scratching movements as well as facilitation 
of the scratch reflex were obtained when the tubocurarine was applied 
not only at the level of C1.but also at the level of C2. At the level of C2, 
however, a stronger coriventration of tubocurarine was required to produce 
these effects ; even a concentration of 1/1000 was not always effective, This 
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explains why Feldberg & Fleischhauer did not obtain an effect when they 
applied the tubocurarine at this level. The present results are in accord 
with the assumption that the tubocurarine acts at the synapses of the 
afferent filaments of those nerve roots which are activated in the scratch 
reflex. It is known from the early experiments of Sherrington (1908-9, 
1910, 1917) on the scratch reflex in cats that these roots are those of (1 
and C2 and of the 5th cranial nerve, all of which have synapses at the 
spinal levels where the tubocurarine was applied. Sherrington had found 
that stimulation of these roots elicits the scratch reflex, as did stimulation 
of cross-sections of the bulb or cord at points in the little crescentic field 
formed by the descending root of the trigeminal nerve which extends to the 
level of C2 (Gerard, 1923) and is undoubtedly reached by the tubocurarine 
when applied at this level. The evidence for this is the finding of Feldberg & 
Fleischhauer (1960) that the dye bromophenol blue which, like tubo- 
curarine, produces scratching movements, stains this field intensely when 
applied to the dorsal surface of the cervical cord at the level of C1. 

Sherrington (1910) found that in cats the scratch reflex is also elicited 
from skin regions, the afferent fibres of which reach the cord at a lower level 
than C2, i.e. ‘from the skin covering the shoulder, the back and outer edge 
of the upper arm even down to the elbow’; yet when applied at the level of 
C3 the tubocurarine was ineffective. This could be due to the fact that in 
this region the synapses of the afferent filaments are located more remotely 
from the surface or that they are less abundant. The latter possibility is 
compatible with Sherrington’s (1910) finding-that ‘the skin about the root 
of the pinna and just behind it...appears to constitute the region 
whence the scratch reflex. ..is most easily excited’. 

Sherrington (1908-9) regularly obtained the scratch reflex on rubbing 
the pinna or the neck behind it in normal, decapitate and decerebrate cats. 
In the present experiments these stimuli were ineffective in eliciting the 
scratch reflex before the tubocurarine application. Only occasionally did 
they elicit a scratch reflex and then only during a short period following 
the exposure of the upper cervical cord. This disparity can be accounted 
for by differences in the experimental set-up. In our experiments the head 
of the cat was immobilized with the aid of ear bars which produced a 
constant stimulus. It is possible that this stimulus suppressed the scratch 
reflex evoked on rubbing the ear or the skin behind it, either because this 
stimulus is capable of causing the scratch reflex and adaptation has 
occurred, or because the stimulus is of a kind which inhibits the normal — 
scratch reflex. Therefore the conditions in our experiments required the 
facilitation by tubocurarine in order to elicit the scratch reflex. 

As synapses of the filaments of the trigeminal nerve extend down to 
the level of C2, it is not possible to say whether the site of action of 
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tubocurarine is mainly on these synapses or on those formed by the sen- 
sory filaments of C1 and C2. It is interesting, however, that stimulation 
by tubocurarine of the restricted area between the sensory filaments of C1 
and C2 is sufficient to cause both spontaneous scratching mbvements and 
facilitation of the scratch reflex. | 

The present experiments confirm the observation of Feldberg & Fleisch- 
hauer (1960) that chloralose abolishes the effect of tubocurarine. This effect 
was obtained with less than half the dose normally used for full anaesthesia. 
Pentobarbitone sodium also affected the tubocurarine responses but usually 
did not abolish them. The responses were diminished in strength. When the 
effect. of pentobarbitone sodium was investigated in decerebrate cats the 
responses became not only attenuated but often also more rhythmic in 
character. The attenuating effect of pentobarbitone sodium is compatible 
with the observation that it reduces the convulsive activity which is 
elicited in unanaesthetized cats by an injection of tubocurarine into the 
cerebral ventricles (Feldberg & Sherwood, 1954). No explanation is 
apparent for the observation that when tubocurarine was applied to the 
level of C2 in decerebrate cats a scratch reflex was usually elicited more 
easily by rubbing the skin behind the ear than by rubbing the pinna itself, 
whereas in cats anaesthetized with pentobarbitone sodium rubbing the 
pinna was the more effective stimulus. 

The finding that transection of the medulla greatly reduces, but does 
not abolish, the effects of tubocurarine suggests that the higher nervous 
centres enhance the tubocurarine effects, but that the pattern of the 
scratch reflex and of the scratching movements is intrinsic to the spinal 
cord. Le Gros Clark (1958) has suggested ‘that the lower sensory centres 
of the central nervous system function as sorting stations’ and ‘that the 
regrouping of somatic sensory fibres (and of the impulses conveyed by 
them) as they enter the nervous system must be determined by some sort 
of positive selectivity exerted by the different groups of receiving cells in 
the lower sensory centres—that is to say, the analysis of the sensory inflow 
must depend primarily on their activity’. The fact that tubocurarine 
applied to the upper cervical cord produces a pattern of spontaneous 
movements which is that of the scratch reflex is compatible with this 
concept, in that the lower sensory centres, when exposed to drug stimu- 
lation, exhibit this property of ‘selective sorting’. 


SUMMARY 


1. Application of tubocurarine to the dorsal surface of the cervical cord 
of cats produced both spontaneous scratching movements and facilitation 
of the scratch reflex elicited by rubbing the pinna and the skin behind the 
ears. The area of application from which these effects were obtained 
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extended from the level of C1 down the cord to the level of C2. At this 
lower level a stronger concentration of tubocurarine was required. 

2. The pattern of movements produced by tubocurarine in decerebrate 
animals was usually more sustained than that seen in cats anaesthetized 
with pentobarbitone sodium. In both conditions these movements were 
decreased in strength by the addition of pentobarbitone sodium. The 
addition of chloralose abolished them. 

3. Transection of the medulla below the obex greatly diminished the 
strength of the movements. 
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Previous studies of the synaptic mechanism in afferent projection path- 
ways have demonstrated two features which differ from those observed in 
the activation of the motoneurone (Sherrington, 1929; Coombs, Eccles & 
Fatt, 1955; Hunt, 1955). These are the powerful synaptic excitatory 
effect of a single presynaptic impulse, and the very limited convergence 
occurring at the synaptic relay. Amassian & de Vito (1957) have-shown 
that a single impulse is sufficient to discharge cells in the cuneate nucleus 
repetitively, a region in which Glees & Soler (1951) had previously demon- 
strated convergence of only a few fibres on to each nerve cell. Similar 
features characterize the synaptic excitation of cells in Clarke’s column 
by Group Ia fibres (Laporte, Lundberg & Oscarsson, 1956), and also of 
cells in the lateral geniculate body (Bishop, Jeremy & McLeod, 1953) 
activated by optic nerve fibres. | 
_ The modification of a simple presynaptic volley occurring at the synaptic 
relay within the main sensory nucleus of the trigeminal nerve has been 


studied in the present experiments. The responses of single nerve cells to ~ 


graded afferent volleys have been examined in order to make a quantitative 
estimate of the distribution of the threshold for excitation of the cell; 
the associated latency changes have also been studied. The nature of the 
convergence of presynaptic fibres on the trigeminal neurones was further 
investigated by examining the effect of varying the cutaneous stimulus 
site within the receptive field of a cell on its evoked discharge. © 


METHODS 


Adult cats weighing 2-5-3-5 kg were used for all experiments. They were anaesthetized 
with an initial intravenous injection (0-5 ml./kg body wt.) of sodium pentobarbital (‘Sagatal’ ; 
May and Baker, 64 mg/ml.) sufficient to carry out operative procedures. Anaesthesia was 
maintained during the remainder of the experiment by supplements of this anaesthetic 
0-1-0-2 ml./hr. This dosage was sufficient to maintain light surgical anaesthesia. To reduce 
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respiratory pulsation of the brain stem during the recording period modified diffusion 
respiration was used. The relaxant gallamine triethiodide (Flaxedil; May and Baker) was 
administered intravenously (2 mg/kg body wt.) every 20-25 min. Intermittent injection 
of the short-acting Flaxedil permitted adequate control of the barbiturate anaesthesia. 
The respiratory excursion was reduced to 20-25 ml./stroke. Arterial oxygenation was 
attained by the continuous administration of intratracheal oxygen, and carbon dioxide 
elimination by increasing the respiratory rate (26/min). The arterial oxygen saturation and 
carbon dioxide content were thus maintained at normal levels, being checked in several of 
the early experiments by blood gas analysis.. 

The head of the animal was fixed in a stereotaxic apparatus, unilateral occipital cranio- 
tomy performed, and the dura overlying the cerebellum removed. Owing to the position 
ofthe main sensory nucleus of the trigeminal nerve, high under the bony tentorium cerebelli, 
recording electrode penetrations were made at an angle of 30° to the vertical. A circular 
Perspex chamber was attached to the skull over the craniotomy opening with dental 
impression compound; a@ sliding window on its upper surface moved at right angles in all 
directions to the penetrating electrode (Erulkar, Rose & Davies, 1956). The electrode 
penetrated the window through a small liquid-tight gland. 

Tungsten micro-electrodes (Hubel, 1957) with a tip diameter of 1-2, and resistance to 
direct current of 2-5 MQ were used for unit recording. The reference lead was a platinum 
plate in close contact with the skin flap of the scalp. 

The criteria used for assessing the site of recording were (a) the position of the electrode 
track seen in serial Nissl-stained sections (Einarson’s gallocyanin method, 1932), and 
(b) the form of the evoked field response. Histological identification of the electrode track 
fixed the lateral and rostrocaudal position of the penetration. The evoked field potential 
was useful in defining the medial and inferior limits of the nucleus, because a sharp reversal 
of the post-synaptic negative potential occurred at these borders; however, considerable 
field spread occurred dorsally. 

A capacity-coupled amplifier was used. Records were photographed with a Grass kymo- 
graph camera attached to a double-beam oscilloscope. In all records a downward deflexion 
indicated @ positive change in potential at the electrode tip. : 

The receptive field of each cell was mapped over the ipsilateral clipped upper lip with a — 
fine camel-hair brush. Latency changes and the firing pattern of the cell were then exam- 
ined by electrical stimulation of the skin. A battery of 6 bipolar steel electrodes (inter-polar 
distance 2 mm) was positioned 2-3 mm above the edge of the upper lip parallel to it. 
Succeeding pairs of electrodes were 2 mm apart. The stimulus current could be separately 
directed to each pair of electrodes. The stimulus duration was 100 ysec for all experiments. 

No significant fall in blood pressure, which was checked hourly, occurred during the 
recording period. Mean blood pressure for the whole series of experiments was 130 mm Hg 
(s.D. = +15 mm Hg). 


Estimation of the distribution of the threshold for excitation of single neurones 

If the discharge of a neurone evoked by a near-threshold stimulus is examined repeatedly, 
it is observed that the unit fires in response to a proportion only of the stimuli. This results 
from the fact that there is a continuous fluctuation in the threshold of the cell, inherent to 
the phenomenon of excitation. The cell fires whenever its threshold falls to the input level 
and the proportion of stimuli which evoke discharge of the nerve cell is an estimate of the 
probability that the threshold of the unit will fall to or below this level. By determining 
the probability of firing for input levels over the whole of the threshold range, the distribution 
function of the threshold for excitation may be estimated. 

For each nerve cell isolated the probability of firing was determined at 4-12 stimulus 
levels and from these the distribution function of the threshold was estimated. Fifty 
responses were examined at each input level (interval between succeeding stimuli | sec). 
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The sigmoid curve relating the probability of firing and the stimulus intensity approximated 
a normal distribution function for all the neurones investigated. For units discharging 
repetitively distribution functions were constructed for each spike in the discharge; these 
also were approximately normal. 

For convenience in analysis of these distribution functions of the threshold for excitation, 
_ use was made of the probit transformation of the probability of firing at each input level 

(Finney, 1952). 

The effect of this transformation was that the relation between the probability of firing 
and the applied stimulus could then be expressed linearly and consequently defined by two 
parameters: (a) the median threshold, which was that stimulus intensity at which the 
probability of firing of the particular action potential was 0-50, and (b) the variance of the 
threshold distribution which defined its dispersion 


(variance (slope of probit 


These parameters were estimated either graphically or arithmetically. 


RESULTS» 
The input to the main sensory nucleus of the trigeminal nerve 

In the evoked potential recorded with a tungsten micro-electrode in 
the main sensory nucleus of the trigeminal nerve, field and unit responses 
were obtained without marked attenuation of the former. This did not 
impair unit recording, as most neurones were maximally activated with 
a low input to the nucleus; as a result, the unit responses usually had a 
much higher amplitude than the field potential. The evoked field response 
recorded in the main sensory nucleus on electrically stimulating the skin 
was characteristic of this region of the nuclear complex; it consisted of a 
synchronous, diphasic, initially positive component, and a negative com- 
- ponent lasting 2-4 msec. With strong stimulation this was followed by a 
low-amplitude positive potential lasting 5-10 msec. With repetitive stimula- 
tion at a frequency of 750 c/s the initial diphasic component was unaffected, 
indicating its presynaptic nature. The conduction velocity of the activated 
fibres, estimated from the latency of the commencement of the negative 


. component of the presynaptic spike (not allowing for delay at the stimulus 3 
site), was 71 and 75 m/sec respectively, in two experiments. The length of 


the peripheral path varied between 5:5 and 7:0 cm. 
When comparing the estimated threshold distributions of a neurone for 
different sites of peripheral stimulation, a possible source of error is the 


varying effectiveness of the contact of the stimulating electrodes with the 


skin. Equal voltages applied to the skin might not be equally effective in 
stimulating cutaneous nerve fibres. To check this, the relationship between 
the stimulus voltage applied to the skin and the amplitude of the pre- 
_ synaptic spike was determined for a series of closely apposed stimulus sites. 
This relationship is shown in Fig. 1 for three separate regions. The error 


was small, as is shown by the limited scatter of the results. The relation-— 
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ship was approximately linear, with only slight flattening of the curve at 
the highest voltages, indicating that the maximal electrical stimulus used 
in the present experiments did not activate all the fibres projecting from 
the stimulus site to the main sensory nucleus. 

Somé measure was also obtained of the extent of the lateral noreeil of 
effective stimulating current about the electrodes applied to the skin. This 
lateral spread was certainly less than 2 mm and probably less than 1 mm 
for the maximal stimulus intensity used (106V). Six neurones had a 
receptive field whose diameter was less than 4mm. They were activated 
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Fig. 1. Relation between the voltage applied to the skin and the peak-to-peak 
amplitude of the evoked presynaptic spike. The relation has been determined for 
three peripheral stimulus sites (0, +, @) on the upper lip. The distance between 
successive stimulus sites was 2 mm. It is seen that the stimulus site did not greatly 
influence the relationship. The records (40 superimposed traces) illustrate the 
simple character of the presynaptic spike at various stimulus intensities. Time 
marker, 1 msec. 


by one pair of bipolar electrodes within the field, and at that point the 
median threshold was quite low (mean value 34-4V). However, no 
excitation occurred on stimulating the skin 2mm away with the neigh- 
bouring electrodes, even with the highest voltage available. 


General characteristics of single neurone activity 
within the main sensory nucleus 


In these experiments the evoked activity of 120 neurones was investi- 
gated. Many more neurones were observed in the nucleus which fired 
‘spontaneously’, but whose discharge pattern was not obviously related 
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to the cutaneous stimulus. In the units investigated ‘spontaneous’ firing 
with frequencies up to 10/sec was usually present. 

The action potentials of the units recorded extracellularly displayed the 
variation in polarity observed previously in other cellular regions within 
the central nervous system (Kuffler, 1953; Rose & Mountecastle, 1954; 
Svaetichin, 1958). The action potentials of forty-five neurones were initially 
negative, monophasic or diphasic spikes, sixty-one were initially positive 
and diphasic, and fourteen units monophasic and positive. These action 
potentials were probably recorded extracellularly in the region of the cell 
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Fig. 2. Frequency distribution of the shortest mean latency of trigeminal neurones. 
In a the frequency distribution has been subdivided according to the polarity of 
cells; @, distribution of neurones with initially positive action potential; [, 
neurones with initially negative action potentials. In b the same frequency 
distribution has been subdivided on the basis of the discharge pattern: ™, non- 
repetitively firing units; 1, repetitively firing units. 


body, except for those units when a positive monophasic spike only was 
recorded ; the electrode tip may well then have been in the region of the 
axon of the neurone (Tasaki, Polley & Orrego, 1954; Freygang, 1958). 
Reversal of the polarity of the action potential from initial negativity to 
initial positivity was seen only occasionally following slight movement of 
the electrode tip. The initially negative action potentials whose threshold 
characteristics were very stable over a long period of recording had 
amplitudes of 1-2 mV. The initially positive spikes had larger amplitudes 
(1-6 mV) but responses were more variable over long periods of observation. 
_ Figure 2a is a histogram showing the frequency distribution of units — 
grouped according to the mean latency of the evoked potential at the 
highest stimulus strength used and applied to the central part of the 
neurone’s repetitive field (i.e. the shortest latency). Fifty-four of the units 
examined had a latency of 1-60 msec or less. The action potential of all 
these short-latency units was initially positive. The longer-latency units, 
with a small peak at 2-4-2-8 msec, were mainly initially negative. 


A 
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This distribution of latencies may also be considered from the viewpoint 
of the nature of the evoked discharge. Most non-repetitively firing units 
were of short latency (1-0—1-6 msec), with a second peak about 2-8 msec. 
The repetitively firing units more commonly had a longer latency ( Fig. 25). 
This subdivision was less sharp, however, than that seen with the cell 
polarity distribution. 

The delay between the arrival of the presynaptic volley at the nucleus 
(latency of the commencement of the negative component of the pre- 
synaptic spike 0-90 msec; s.D. = + 0-15 msec) and the firing of units of 


Fig. 3. a, Interaction of conditioning and test stimuli of equal supramaximal 
intensity applied to the same point within the receptive field of a monosynaptically 
activated trigeminal neurone; block of the test response occurred at a stimulus 
interval of 1-05 msec. 6, Interaction of conditioning and test stimuli (both supra- 
maximal) applied to two regions within the receptive field of the neurone, 8 mm 
apart; block of the test response occurred at a stimulus interval of 1-12 msec. 
c, Interaction of conditioning and test stimulus applied to two regions within the 
receptive field, 8mm apart. Each separate stimulus evoked no_ propagated 
response; spatial summation of the synaptic activity of the arriving volleys 

_ occurred, however, when the stimulus interval was less than 0°35 msec; this is 
illustrated in the lowest tracing. Voltage (5 mV) and time calibrations (1 msec) 
are indicated by the vertical and horizontal bars respectively. 


the short-latency group was sufficient for the latter to be monosynaptically 
activated. Figure 3 illustrates the post-synaptic nature of discharge of 


~ such a neurone. Figure 3a, 6 illustrates the blocking interaction of the 


discharge evoked by two supramaximal stimuli applied to the same, and 
widely separated, regions respectively within the receptive field of the 
unit. The refractory period was so short that no distinction between pre- 
and post-synaptic activation could be made. However, in Fig. 3¢ sum- 
mation of two subthreshold stimuli applied to widely separated regions 
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of the receptive field did result in discharge of the cell. This phenomenon 
of spatial summation is post-synaptic. 
It will be seen that the sample of trigeminal neurones consisted of two 


main groups: one group, monosynaptically activated, not firing repetitively, 


and with action potentials all of which were initially positive; and a later 


- polysynaptically activated group of cells, with varying discharge patterns, 


which included most of the repetitively firing neurones. 

The absolute refractory period following discharge of the mono- 
synaptically activated neurones was determined for eight units. The mean 
value was 0-88 msec (S.D. = +0-13.msec). Of the eighty-four units tested 
seventy-six responded to light mechanical stimulation of the skin in the 
region from which they were evoked electrically, indicating the mechano- 
receptor cutaneous terminals of these fibres. The absolute refractory 
period following mechanical stimulation of such a cutaneous terminal 
appears to be of the order of 2 msec or more (Gray & Malcolm, 1950; 
Lindblom, 1958) suggesting that the site of activation of the cutaneous 
fibres by a shock stimulus was proximal to the receptor ending. 


Single neurone responses evoked by graded afferent stimulation 
of the central region of the receptive field 


The discharge pattern of trigeminal neurones evoked by cutaneous 
stimulation was modified by two factors, namely, thé stimulus intensity 
and the stimulus site. within the receptive field of the particular unit. In 
order to compare the response evoked by increasing stimulus intensity in 
different neurones, the stimulus site was first fixed as the region of lowest 
median threshold within the receptive field. With some of these units the 
additional effect of varying the stimulus site within the receptive field was 
then examined. 

Monosynaptically detivated neurones. The distribution henitioae of the 
threshold for excitation of the monosynaptically activated non-repetitively 
firing units were uniform. Most units had a median threshold value (when 
stimulated from the central part of the receptive field) below 30V. The 
dispersion of the threshold distributions of these cells, estimated by the 
variance of this distribution for each cell, was small, the mean value being 
0-63 V (i.e. the s.D. of the threshold distribution, ,/0-63 = +0-79V). Thus 
95° of threshold values fell within 0-79x2 = 1-58V of the median 
threshold. Over the threshold range of stimulation the latency of mono- 
synaptically activated units varied slightly, increasing by 0-15—0-20 msec 
at the lowest input levels. 


'" A group of eight cells, monosynaptically activated, fired repetitively 
to a synchronous afferent volley. The pattern of discharge was identical 


for all cells in the group, the evoked response always consisting of two 
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action potentials, which could not be differentially fired by varying the 
stimulus intensity. The median thresholds for the individual neurones 
were scattered throughout the whole input range, but the variance of the 
threshold distribution (identical for both spikes) for each unit was uni- 
formly small, the mean value being 0-61 V (s.p. = +0-78V). The mean 
latency of the first spike was 1-25 msec (s.p. = +0-15 msec), being 
followed by a negative component lasting several milliseconds. The second 
spike was superimposed on the negative component, the mean interspike 
interval being 1-25 msec (s.D. = +0-26 msec). The development of this 
type of discharge pattern in non-repetitively firing units was observed on 
several occasions coincident with movement of the electrode tip nearer 
the cell. This suggests that such a discharge pattern may result from local 
injury of the neurone due to the electrode. 


Polysynaptically activated neurones, non-repetitively firing 


The median thresholds of non-repetitively discharging units with longer 
latencies were of the same order as those of monosynaptically activated 
units. The variance of the threshold distribution, however, was greatly 
increased for most of these cells, often being 300-400 times greater than 
the variance of monosynaptically activated neurones. This is shown in 
Fig. 4, where the variance of the threshold distribution has been plotted 
against the latency for all non-repetitively firing units. 

Much greater variability in the latency was also observed than in mono- 
synaptically activated units, a graded reduction occurring on increasing 
stimulus intensity. Quantal changes in latency were not observed when 
the stimulus site was near the centre of the receptive field. 


Polysynaptically activated neurones, repetitively firing 

Usually the discharge pattern of a neurone with the maximal number 
of spikes was evoked by the highest stimulus strength used. In Table 1 
the frequency distribution of the maximal spike number in the evoked 
discharge is given. The two-spike discharge was by far the commonest 
repetitive discharge observed. 2 

The threshold distribution. A graded change was observed in the threshold 
distributions of the successive spikes of the repetitive discharge of the 
trigeminal neurones investigated. In Fig. 5a the relation between the 
probability of firing and the stimulus intensity is shown for successive 
spikes in a seven-spike repetitive discharge. In Fig. 5b the median 
_ threshold (upper graph) and the variance of the threshold distribution 
(lower graph) of successive spikes is shown. Similar increases in these 
parameters of the threshold distribution were observed for other neurones 
with more limited spike sequences. The threshold distribution functions 
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of a unit with a maximal — pattern of two spikes are shown in 
Fig. 6. 

The total ebtinGhin range oyer which a graded change in the discharge 


pattern was observed for any one unit is defined by the threshold distribu- : 


tion functions of the first and the last spike in the sequence. For the cell 
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Fig. 4. Relation between shortest latency of non-repetitively firing neurones - 
and variance of threshold distribution. @, neurones activated monosynaptically ; 
O, neurones activated polysynaptically; +, mean value for variance and latencies 
of the first spike in the repetitive discharge of 25 cells. The interrupted lines 
indicate the standard deviations of the mean latency and variance respectively. 
Semi-log scale. 


TABLE |. Distribution of maximal number of spikes in repetitive discharge 
No. of spikes in discharge 


No. of neurones 60 37 9 9 3 l 1 l 


illustrated in Fig. 5 a graded response occurred over the whole range of 
input levels tested. On the other hand, for a two-spike sequence such as 
is shown in Fig. 6 a graded response occurred only over the range defined 
by the two curves in the graph. Even for a two-spike train the range of 
inputs over which a graded response was observed varied in different 
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Spike number 
Fig. 5. a, Relation between probability of firing (ordinate) and stimulus strength 
(abscissa) for successive spikes in a repetitive discharge ; the threshold distributions 
of successive spikes are numbered I, ..., 7. b, Parameters of the threshold distribu- 
tions of successive spikes in the discharge: the abscissa indicates the position of 
the spike in the sequence ; in the upper graph the ordiriate is the median threshold (V) 
and in the lower the ordinate is the variance of the threshold distribution (V*), 
log. scale. 
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0 10 20 30 40 50 
Stimulus strength (V) 
Fig. 6. Relation between the probability of firing (ordinate) and the applied 
stimulus (abscissa) for a neurone with a maximum discharge pattern of two 
spikes. The record of a typical evoked response is shown in the insert, with voltage 
(1 mV) and time (1 msec) calibrations represented by vertical and horizontal 
bars respectively. @, probability of firing of Ist spike; m, probability of firing 
of 2nd spike. 


| 
| 
| 
| 
| 


62 I. DARIAN-SMITH 


units, and in the same unit when activated from different regions within the 
receptive field of the neurone. 

From most units, once the probability of firing of a particular spike in 
a repetitive discharge had reached unity, further increases in the stimulus 
strength did not affect its firing rate. However, with a few neurones 
further increases in the applied stimulus caused a reduction in the prob- 
ability of firing of some components of the disharge. The response pattern 
of such a neurone is shown in Fig. 7. Between input levels of 25 and 55 V 


Probability of firing 
3 


20 30 40 50 60 70 80 
Stimulus strength (V) 


Fig. 7. Graph of the stimulus—response (probability of firing) curves for a neurone 
where a reduction in the probability of firing occurred with high input levels. 
The firing rate of the second spike (™@) after reaching a maximum fell back to 
zero at high input levels, whilst the earlier spike (@) continued firing with a 
probability of unity. The inset is a record of typical evoked potentials; voltage 
(1 mV) and time (1 msec) calibrations indicated ny the vertical and horizontal 


bars respectively. 


the relation between stimulus strength and probability of firing was sig- 
moid for the two spikes of the train. Above this input level the shorter- 
latency spike continued to fire with a probability of 1-0, whereas the 
probability of firing of the second spike fell back to zero at input levels 
above 75 V. In a few units with a longer repetitive discharge the prob- 
ability of firing of the last two or three spikes in the discharge fell off at 
the highest stimulus intensities. No unit was observed in which the 
probability of firing of the first spike in a repetitive discharge was reduced 
on increasing the stimulus strength; nor was the probability of firing of 
any non-repetitively firing unit reduced at high input levels to the nucleus. 
Latency of discharge. Simultaneously with the rise in the probability of 
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firing of the successive spikes in the response of a repetitively firing 
neurone, considerable changes occurred in the latencies of these spikes, 
For a two-spike train by far the most common pattern of distribution 
of latencies of these spikes is illustrated in Fig. 8. At input levels 
just sufficient to activate the unit the first spike appeared with quite a long 
latency, with a peak in the distribution about 4:6 msec. With only 
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Fig. 8. Changes in the latencies of the two spikes in a repetitive discharge on 
increasing the stimulus intensity. The frequency distribution of the latency of 
discharge of each spike at a constant stimulus level is shown in each histogram. 
The stimulus strength used for each frequency distribution is indicated on the right 
side in volts, being lowest for the top graph. @, frequency distribution of the 
low-threshold spike; (1, that of the higher-threshold spike. 


slight increases in the input the latency of this spike abruptly shortened 
as seen in Fig. 8b. This change was not graded but involved a sudden 
reduction in latency of about 1-3 msec. The bimodal distribution of the 
latency of this first spike is seen in Fig. 8b. With a slight increase in input 
nearly all the spikes fired with a short latency of 2-8 msec (Fig. 8c). 
Further increases in the applied stimulus caused now only a very small 
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reduction in the latency of the first spike, and with those responses in 
which the latency of the first spike was 2-4 msec a second spike now 
developed (Fig. 8d). The latency of this spike approximated that observed 
for the first spike at low input levels. With a further increase in the input 


level, the latency of most of the first spikes fell into the 2-4 msec group and © 


simultaneously the probability of firing of the second spike rose. A further 
small reduction in the latency of the first spike at the highest input level 
is shown in Fig. 8e. Some shortening of the interspike interval was 
observed. Latency changes of this type were observed in thirty-three of 
_the thirty-seven units which had a maximal discharge pattern combining 
two spikes. In the four cells which did not fire in this manner, no dis- 
continuity was observed in the latency changes on increasing the stimulus 
intensity. 

Neurones firing with a discharge pattern containing more than two spikes 
displayed similar changes in latency on increasing the afferent stimulus. 
As the input was increased, quantal reductions amounting to 1-5—2-0 msec 
in the latency of discharge of the early spikes were observed, and in addi- 
tion there was a gradual shortening of the latency of each spike. This 
however, was never greater than | msec. 

Comparison of the relation between the variance of the threshold 
distribution and the latency of the first spike of repetitively firing units 
with that observed for the long-latency, non-repetitively firing units 
demonstrated one difference, illustrated in Fig. 4. It is seen in this graph 
that the dispersion of the threshold distribution for the first spike of a 
train frequently was very low, and of the order observed for mono- 
synaptically activated neurones, which did not fire repetitively. This 
occurred in spite of the long latency, and presumably polysynaptic 
preceding pathway. 


Time interval between successive spikes in a repetitive discharge. Observa- 


tions made concerning the effect of varying stimulus strength on the 
interspike interval agreed with those previously reported by Rose & 
Mountecastle (1954). With a decrease in input level over the threshold 
range there was a slight but significant increase in this interval. Thus, for 
the group of thirty-seven cells with a maximum repetitive discharge of 
two spikes the mean interval was 1-62 msec (s.D. = + 0-41 msec) when the 
probability of firing was unity. When the input for these cells was reduced 
and the probability of firing was 0-20-0-30, the interspike interval increased 
significantly by 0-22 msec (s.p. = +0-05 msec). Figure 8 illustrates 
such an increase. Similar observations were made with longer repetitive 
discharges. In Table 2 latency changes are tabulated over a wide input 
range for a cell firing maximally with a discharge of seven spikes. It will 
also be noticed that for this neurone at any one input level, in discharges 
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of a constant number of spikes, there was a progressive increase in the 


time interval between succeeding spikes. This was a common finding, but 
not the invariable pattern. Sometimes either the shortest or longest mean 
interspike interval occurred in the central te of the discharge (cf. Rose & 
Mountcastle, 1954). 

In the records of the repetitive discharges of some trigeminal neurones 
an inflexion at the commencement of each action potential, suggestive of 
separate synaptic potentials, was seen. Typical evoked discharges are 
shown in Fig. 9. 


TaBLE 2. Time interval between succeeding spikes in the repetitive discharge of a trigeminal 
neurone at different input levels to the nucleus 


Latency Mean 
Stimulus No. of of Spike intervals (msec) duration 
strength observa- Ist spike - A , of train 
ee tions (msec) I, L, I, I, I, I, (msec) 
10-8 9 6-70 1-94 --- 1-94 
30 6°37 1-92 2-52 4-44 
24-1 20 5-92 1-83 2-65 4-48 
18 5-76 1-69 2-10 4-45 8-24 
35-1 30 5-62 1-84 2-64 4-15 8-64 
9 4-54 1-63 1-97 3-08 3-68 a= = 10-36 
71-1 34 5-20 1-63 1-92 2-41 3-03 8-99 
4 4-96 1-62 1-92 2-09 2-62 3-41 — 11-66 
105-8 24 4-90 1-62 1-70 1-98 2-18 2°37 --- 9-85 
12 4-85 1-60 1-73 1-90 2-02 2:18 2-48 11-91 


First column indicates the stimulus intensity (volts) applied to the skin. Second column 
indicates the number of observations made, of which the tabulated figures are the mean. 
At each input level there are two entries because the total number of spikes in the discharge 
varied with succeeding stimuli. I,, I,, ... I, are the mean time intervals between the earliest 
and second spike, second and third spike ... sixth and seventh spike, in the discharge. 


Single-neurone responses evoked by graded afferent stimulation 

of different regions of the receptive field | 
Excluding six neurones, whose receptive fields extended over one half 
or more of the ipsilateral face, the size of the cutaneous receptive fields 
(ipsilateral upper lip) of neurones in the main sensory nucleus was fairly 
uniform. The mean diameter parallel to the lip margin of the receptive 

fields of sixty-eight such neurones was 12-4 mm (s.D. = + 6-2 mm). 
Threshold distribution. Comparison of the threshold distributions of a 
si. tle neurone determined for several stimulus sites within the cell’s 
receptive field demonstrated a progressive change in their characteristics. 


- Both the median threshold and the dispersion of the threshold distribution 


increased in a graded manner as the stimulus site was moved towards the 
edge of the receptive field. No discontinuity was observed in the receptive" 
fields of any of the neurones investigated. Figure 10a shows the progressive 


rise in the median threshold at the edge of the receptive field of several 
5 PHYSIO. CLIII 
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Fig. 9. Evoked repetitive discharges from two neurones demonstrating separate 
synaptic potentials for each spike in the discharge. For both cells when the 
second spike failed to discharge a small synaptic potential was still evoked. 
Voltage (1 mV) and time (1 msec) calibrations are indicated by the vertical and 
horizontal bars respectively. 
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Fig. 10. The median threshold at different positions within the neurone’s receptive 
field. Ordinate, median threshold (V); abscissa, intervals across one diameter 
of receptive field (mm). In a are shown changes within the receptive fields of 
monosynaptically activated cells. In b the cells were polysynaptically activated. 
In c changes in the median threshold of the first (@) and second (™) spikes of a re- 
petitively firing unit are shown; O, [LD indicate the edge of the receptive field. 


monosynaptically activated units. The threshold changes observed in 
polysynaptically activated units were similar, as is shown in Fig. 10. 
Figure 11 illustrates the changes observed in the dispersion of the 
threshold distribution at different sites of stimulation within the receptive 
field. With monosynaptically activated neurones the increase in the dis- 
persion, estimated by the variance of the distribution, occurred only in 
the peripheral 2-3 mm. With units of longer latency the increase in the 
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dispersion at the edge of the receptive field was quantitatively much 
larger, as is seen in Fig. 116. Graded changes in the threshold distribution 
were also observed with repetitively firing neurones. For any particular 
spike in the repetitive discharge both the median threshold and the 
variability of the threshold increased progressively towards the edge of the 
field. The changes in the median thresholds are shown in Fig. 11c for a two- 
spike discharge. 


1007 


Variance (V*) 


0 i i 1-0 


, Stimulus site in receptive field (mm) 
Fig. 11. a, The variance of the threshold distribution at different positions across 
the receptive fields of two monosynaptically activated neurones; on. the right the 
threshold distribution was not determined, but the limit of the field was defined. 
Ordinate, variance of threshold distribution (V*). Abscissa, stimulus site along 
one diameter of receptive field (mm). 6, Variance of threshold distribution 
within the receptive fields of two non-repetitively firing polysynaptically activated 
units; the ordinate scale is logarithmic. : : 


Latency of discharge. Monosynaptically activated neurones displayed 
no more than 0-15—2-20 msec variation in the latency of firing from any 
one site of stimulation within the receptive field, nor was there any 
significant difference in the latency of discharge when ‘stimulated from 


- central or peripheral regions in the receptive field. This was true also for 


longer-latency non-repetitively firing units. However, for a few such cells 
there were considerable differences in the latency of discharge from dif- 
ferent regions of the receptive field. As is seen in Fig. 12a, the commonly 
observed graded reduction in latency of discharge occurred when the site 
of stimulation within the receptive field was central. When the neurone 
was stimulated from the edge of the receptive field, in addition to this 
small graded effect a large discontinuous reduction also occurred with an 
increase in stimulus strength, the quantal reduction being about 1-5 msec 


(Fig. 120). 
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Fig. 12. a, Histograms showing the frequency distribution of the latency of 
discharge of a non-repetitively firing trigeminal neurone at increasing stimulus 
intensities; the stimulus site was in the ceritral part of the receptive field. The 
probability of firing (P) as an estimate of input level is indicated for each histogram ; 
a small graded reduction of about 0-5 msec is shown as the input was increaséd. 
b, The stimulus site was 1 mm from the edge of the receptive field: for corresponding 
histograms the probability of firing was approximately the same as in a. In 
addition to a small gradual reduction such as was observed in a there was a large 
quantal reduction of approximately 1-5 msec. 
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Fig. 13. Relation between the shortest mean latency of.a trigeminal neurone 
and the diameter of its receptive field. The linear regression line (calculated for 
cells represented by @) indicates the average rate of increase in the diameter 
of the receptive field with increasing latency. ©, separate group of units with 
very large receptive fields (not included in the calculation of regression line). 
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Increases in the peripheral stimulus intensity caused an abrupt reduction 
in the latency of repetitively discharging neurones, regardless of the 
stimulus site within the receptive field. The only differences were that 
stimulus intensities at which these latency changes occurred were higher 
in the periphery of the receptive field than in the central part. 

The diameter of the receptive field of a neurone was related to its latency, 
as is shown in Fig. 13. In spite of a fairly wide scatter of values there was 
a significant increase in the receptive field diameter for units with longer 
latencies. The linear regression line, significant at the 1 °/ level, shows the 
average increase for the main group of cells. Those six cells with very large 
receptive fields were not included in the estimation of the regression line, _ 
as these would have influenced it unduly. For each increase in latency of 
1 msec there was an average increase in the diameter of the receptive 
field by 2-4mm. This relationship suggests that there was increasing 
convergence occurring within the nucleus as the preceding pathway to the 
unit included additional synapses. 


DISCUSSION 


In the present experiments the activity of two groups of neurones was 
recorded in the trigeminal main sensory nucleus. One group was mono- 
synaptically activated and discharged with a single action potential unless 
the cell was injured; the other group of cells was presumed to be poly- 
synaptically activated and the discharge pattern was varied but commonly 
repetitive. It is generally agreed that.most long ascending fibres from the 
main sensory nucleus project to the arcuate nucleus of the thalamus 
» (Winkler, 1921; Torvik, 1957). The latency of the earliest potential evoked 
in the contralateral arcuate nucleus, following electrical stimulation of the 
upper lip, is approximately 2-0 msec (unpublished results); hence the 
axons of at least some of the monosynaptically activated neurones in the 
main sensory nucleus must have projected to the thalamus. 

The pathways for the presumed polysynaptic discharge of neurones 
within the main sensory nucleus remain uncertain. Astrém (1952) observed 
cells in Golgi preparations of the nucleus of the mouse which could 
possibly be interneurones, but Torvik (1957) concluded from studies of 
retrograde degeneration in the cat that all cells within the nucleus have 
long axons projecting at least to the level of the mid-brain. Possible 
pathways for late activation of second-order neurones within the nucleus 
may be recurrent collaterals arising from the long ascending axons; these 
have been described by Cajal (1909) in the cuneate nucleus and other 
sensory relays. Convergence on. polysynaptically activated neurones- was 
greater than that on monosynaptically activated cells: this is evident 
from the observation that the cutaneous receptive fields of trigeminal 
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cells were larger for the polysynaptically activated cells. However, the 
receptive fields were only slightly increased, and might well have resulted 
from converging recurrent collaterals of neighbouring cells. Amassian & 
de Vito (1957) considered recurrent collaterals to be the anatomical 
pathway involved in the after-discharge observed in the cuneate nucleus. 

The estimations of the distributions of the threshold for the excitation 
of trigeminal neurones demonstrated that even when the stimulus site 
within the respective receptive fields was centrally placed, considerable 
variation existed between cells. The threshold distributions of mono- 
synaptically activated sensory neurones had dispersions more comparable 
with those of peripheral nerve fibres (Pecher, 1939) than with those of the 
monosynaptically activated motoneurones (Hunt, 1955). This very small 
dispersion of the threshold distribution of such trigeminal neurones implies 
that the activation of only a few peripheral fibres converging on the cell 
was necessary for its discharge. Activation of at least two fibres was, 
however, necessary for discharge of the cell, as was shown by the summation 
of the synaptic. action of two subthreshold volleys converging on’ the cell 
from widely separated areas within the receptive field. 

With the longer latency non-repetitively firing neurones, the considerable 
increase in the dispersion of the threshold distribution suggests that either 
the activation of many converging fibres was necessary to generate an 


action potential, or, more probably, that considerable fluctuations in the — 


excitability of one or more nerve cells in the polysynaptic chain occurred. 

The characteristics of the commonly observed repetitive discharge in 
sensory trigeminal neurones were similar to those observed by Amassian & 
de Vito (1957) in the cuneate nucleus. However, no late discharge com- 
parable with that involving the relay in Clarke’s column was observed. 


The long synaptic activation underlying the repetitive discharge probably — 


resulted from temporal dispersion of presynaptic activity. Two synaptic 
pathways were probably available for synaptic activation of the neurone; 
one involved second-order neurones and their recurrent collateral axons, 
and the other the more direct monosynaptic pathway. At a low stimulus 
intensity synaptic discharge occurred via the converging recurrent col- 
laterals, with relatively long latency. On increasing the stimulus intensity 
the neurone was fired by the more direct pathway, resulting in an abrupt 
shortening of the latency of discharge. The volley reaching the cell via the 
recurrent collateral now arrived while the cell was still partially refractory 
and only on activating more converging recurrent collaterals by increasing 
the peripheral stimulus did the cell discharge repetitively. Such a mechan- 
ism explains the observed quantal reduction in latency on increasing the 
stimulus intensity, the increases in the median threshold and the dispersion 
of the threshold distribution, and the recurrent peaks in the synaptic 
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potential which were recorded in some units. These observations cannot 


_ be readily explained in terms of long-lasting transmitter action (McIntyre, 


Mark & Steiner, 1956). 

When the site of peripheral stimulation within the receptive field of a 
monosynaptically activated neurone was changed, only the presynaptic 
pathway was modified ; alterations in the distribution of the threshold for 
excitation reflected this change in the presynaptic pathway. The activation 
of only a few converging fibres seems to be necessary to discharge a tri- 
geminal neurone monosynaptically. If a large number of fibres converge — 
on the nerve cell from the central part of the receptive field, excitation of 
the required few fibres would probably occur at a quite low stimulus 
intensity, because the density of fibres about the stimulating electrode 
would be high. If only a few fibres converge on the neurone from peripheral 
areas of the receptive field, the density of these fibres in the region of the 


electrode would be low, requiring both a higher average stimulus intensity 
to excite the required number of fibres (median threshold) and a greater 


change in stimulus strength to activate each additional fibre (dispersion 
of the threshold distribution). The same anatomical basis for the changes 
in threshold distributions within the receptive fields of polysynaptically | 
activated nerve cells seems likely. 


SUMMARY 
1. The responses of neurones in the trigeminal main sensory nucleus 
to graded electrical stimulation of the upper lip of cat were investigated. — 
A synchronous afferent volley evoked both an early (monosynaptic) and 
a later (presumably polysynaptic) discharge of neurones. In the. latter 


_ group repetitive firing was common. 


2. The distribution of the threshold for excitation of individual nerve 
cells was estimated and specified by two parameters, the median threshold 
and the variance of the distribution. The dispersion (estimated by the 
variance) of the threshold distribution of monosynaptically activated 
neurones was small, but for non-repetitively firing long-latency units it 
was up to four-hundredfold greater. 

3. In the common type of repetitive discharge successive spikes had a 


progressively higher median threshold and an increasing dispersion of 


the threshold distribution. 

4. For all neurones the latency was reduced on increasing stimulus 
strength. The latency of the first spike in labile repetitive discharges with 
increasing input decreased abruptly by an interval of 1-2 msec; the second 
spike in the train then developed at this interval after the first spike. It is 
suggested that temporal dispersion of the presynaptic volley involving the 
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recurrent collateral axons of neighbouring second-order neurones was the 
mechanism underlying the repetitive discharge. 

5. The stimulus site within the receptive field modified the threshold 
distribution ; towards the periphery of the field both the median threshold 
and the dispersion of the threshold distribution increased. This was thought 
to result from a decrease in the density of converging peripheral fibres at 
the edge of the receptive field. 


This work was supported by a grant from the National Health and Medical Research 


Council, Australia. I wish to thank Professors P. O. Bishop and P. I. Korner for helpful 
criticism, and Miss Eva Spitzer for technical assistance. 
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CHARACTERISTICS OF RESPONSES FROM RECEPTORS FROM 
THE FLEXOR LONGUS DIGITORUM MUSCLE AND THE 
ADJOINING INTEROSSEOUS REGION OF THE CAT 


By C. C. HUNT anp A. K. McINTYRE 
From the Department of Physiology, University of Utah College of M edicine, 
Salt Lake City, Utah, U.S.A. ~ 


(Received 7 March 1960) 


The flexor longus digitorum (FLD) in the cat is an unusual muscle in 
several respects. It consists of two separate heads, of which the lateral 
is the larger (the homologue of flexor longus hallucis in certain other 
species). The tendons of the two heads merge in the foot and the combined 


phalanges of the four digits (Reighard & Jennings, 1934). Thus the two 
heads of FLD have an identical action consisting of plantar flexion of the 


extensor, acting to oppose the force of gravity, it also has the unique 
function of claw protrusion. Possibly in relation to the latter function, it 
appears to be the only hind-limb muscle subject to long spinal inhibition 
from the forelimb (Lloyd & McIntyre, 1948). A recent study by Eccles, 
Eccles & Lundberg (1957) suggests that FLD might be atypical in still 


fibres of the largest diameter range evoke unusually powerful reflex effects 
in a pattern of limb flexion. It was suggested that such action was produced 
by impulses in fibres from tendon organs. This flexor action has been 
considered to be significant in initiation of the flexor phase of stepping 
movements (Lundberg, 1959; Eccles & Lundberg, 1959). 

Another point of interest in relation to FLD is that a small nerve from 
the region of the interosseous membrane courses between the medial and 
lateral heads of the mugele and merges with the nerve to FLD medial head. 
Since it seems likely that this interosseous nerve might frequently have 
been included with the FLD nerves in both anatomical and physiological 
studies, analysis of the receptor characteristics of its fibres is of obvious 
interest. 

The present study had the twofold purpose of analysing the afferent-fibre 
diameter—receptor relation in the nerves to FLD, and of exploring the types 
of receptor served by fibres in the interosseous nerve. The findings indicate 


. tendon splits into four subdivisions which are inserted into the terminal © 


digits and protrusion of the claws. While this muscle behaves reflexly as an 


another regard, namely, in that volleys presumably confined to afferent | 
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that the diameter distributions of afferent fibres to muscle spindles and to 
tendon organs in the FLD nerves do not differ appreciably from those of 
gastrocnemius or soleus (Hunt, 1954), nor did there seem to be a significant 
difference in the relative proportion of muscle-spindle and tendon-organ 
receptors. Of perhaps greater interest was the finding of some hitherto un- 
described receptors in the interosseous nerve. One of these is exceedingly 
sensitive to vibration and may well subserve vibration sensibility. 


METHODS 


Adult cats anaesthetized with sodium pentobarbital (Nembutal; Abbott Laboratories) 
were used. After laminectomy and exposure of the lumbosacral region of the spinal cord, the 
tissues were covered with liquid paraffin equilibrated with 95 % O,+5% CO,. The dura was 
then opened and dorsal and ventral roots L6—-S2 were cut near the cord. The nerves to 
FLD medial head, FLD lateral head and the interosseous nerve were left intact and placed 
on separate pairs of stimulating electrodes. Other nerves in the hind limb and hip were cut. 

Single fibres from the FLD and interosseous nerves were isolated in filaments of dorsal 
root. Conduction time was determined in each fibre from the interval between application of 
a stimulus (at twice threshold strength) and arrival of an impulse in the dorsal root filament. 
This time was measured by gating a 1 MC Berkeley counter for the duration of the interval. 
Simultaneous display of stimulus artifact and impulse on one beam and gating pulse on the 
other beam of a dual-beam oscilloscope (Tektronix model 502) insured that the proper 
interval was measured. On completion of the experiment the locations of stimulating 
cathodes and of proximal recording eloctrode were marked by ties of fine silk and the 
entire conducting path was excised and measured. From conduction times and distances the 


conduction velocities were calculated, a deduction of 0-1 msec being made for setting-up 


time. Diameters (“~) were estimated by dividing conduction velocity (in m/sec) by 6 
(Hursh, 1939). In most experiments the tendon of the FLD muscle being studied was 
attached to a Statham strain gauge for isometric recording of tension. For observation 
of the discharge pattern of the muscle stretch receptors its output was displayed on one beam 
of the oscilloscope. Contraction of the muscle was produced by stimulation of a ventral root 


«by single shocks or trains of stimuli. Body temperature was usually maintained between 


37 and 39° C. Vibration at varying frequency was produced by a Goodmans (model V 47) 
vibrator driven by a sine-wave oscillator through a transistor power amplifier. 


RESULTS 


A total of 275 afferent fibres from the FLD and interosseous nerves were 
isolated. Figure 1 represents a calculated diameter distribution of this 
entire sample. Comparison with the histological diameter distribution of — 
Lloyd & Chang (1948) suggests that the present sample is deficient in 


_ fibres of thé Group III range (1-4) and perhaps excessive in proportion of 


Group I (12-22 2) to Group II (4-12,) fibres. This is not surprising in view 
of the fact that detection of larger fibres is easier and that no special effort 
was made to isolate the smallest of the myelinated fibres. The distribution 
shown in Fig. 1 does indicate, however, that a reasonably comprehensive 
sample was obtained of fibres in the 5-22 range. 
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Afferent fibres in the FLD nerves 


A total of 216 of the fibres isolated ran in the medial or lateral FLD 
nerves. Of these the most commonly encountered were fibres from muscle 
spindles (147 fibres) ; the next most frequent were tendon-organ fibres (53). 
Five of the fibres came from receptors usually associated with fibres of the 
interosseous nerve (see below). Also, two fibres were isolated which had 
receptors in the fascia or near the tendon. An additional nine fibres were 
isolated from FLD nerves which could not be activated by natural 
stimulation. 


- Number of fibres 
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Fig. 1. Calculated diameter. distribution of total sample of 275 isolated afferent 
fibres from FLD and interosseous nerves. ; 


Afferent fibres from muscle spindles were identified by the discharge 
pattern during contraction indicating ‘in parallel’ behaviour (Matthews, 
1933). A clear pause in discharge during the period of muscle shortening, 
particularly on ventral root stimulation and when some shortening was 


allowed, provided reasonably positive proof. Supplementary evidence was — 


indicated by the usually low stretch threshold of muscle-spindle receptors 
and by the acceleration of discharge which occurred on raising the strength 
of tetanic stimulation of the ventral root sufficiently to excite fusimotor 
fibres. ‘The diameter distribution of muscle-spindle afferent fibres is shown 
in Fig. 2. The distribution is clearly bimodal, with a minimum between the 
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modes occurring at 11-12. The latter corresponds closely to that noted 
in the histological afferent-fibre spectrum of FLD nerves at 12-131 (Lloyd 
& Chang, 1948). The distribution”of muscle-spindle afferent fibres in two 
modes, one in the Group I and the other in the Group II band, is similar 
to the spectrum of this type of fibre in soleus and in medial gastrocnemius 
(Hunt, 1954). The ratio of Group I: Group II muscle-spindle afferent fibres 
in the present study was about 1-6:1. This contrasts with the relatively 
greater proportion of Group II muscle-spindle afferent fibres found in 
soleus and medial gastrocnemius nerves (Hunt, 1954). 


20 


Number of fibres © 


Calculated diameter 


Fig. 2. Calculated diameter distribution of muscle-spindle afferent fibres, including 
two fibres in the interosseous branch. 


Fibres whose discharge pattern showed ‘in series’ behaviour during 
muscle contraction, undergoing an increase in discharge during muscle 
shortening, were classed as coming from tendon organs. Receptors of such 
fibres generally had a high threshold to stretch; they were uninfluenced by 
fusimotor stimulation. The calculated diameter distribution is shown in | 
Fig. 3. Although a few fibres lie in the Group II range, the distribution of 
diameters of tendon-organ fibres is essentially unimodal with most of the 
‘fibres in the 12-22 » range and the peak at 17-18 1. This agrees closely with 
the findings for soleus and medial gastrocnemius (Hunt, 1954) and confirms 
the earlier conclusion that the Group I band is functionally of dual nature, 
being comprised of fibres from muscle spindles (1a) and tendon organs 
(16) (Kuffler, Hunt & Quilliam, 1951). 

Two FLD fibres were from receptors of some interest. One, in the nerve 
to FLD lateral head, conducted at 75 m/sec. This receptor showed a 
spontaneous discharge synchronous with the heart beat. It could be made 
to discharge by slight pressure on or by lightly stroking the fascia over the 
muscle in a restricted region. On ventral root stimulation it fired briefly 
on both shortening and lengthening of the muscle. The other fibre, in the 
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nerve to the FLD medial head, conducted at 23-6 m/sec:and discharged to 
strong pressure over the distal portion of the muscle and adjoining portion 
of tendon. It fired only briefly to strong stretch of the muscle but not 
during a twitch. Tetanic contraction evoked only a few impulses which 
continued for several seconds after cessation of stimulation. 

Of the five fibfes in the FLD nerves which had receptors of types usually 
found in the interosseous nerve, four were in the medial nerve and one in 
the lateral. Two of the fibres were connected to receptors of the type 
classified as tension receptors, while the remaining three were from another 
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‘Fig. 3. Calculated diameter distribution of tendon-organ afferent 
fibres in FLD nerves. 


variety designated tap receptors. The characteristics of these receptors are 
described below. It seems clear that the nerves to FLD, particularly to the 
medial héad, may contain fibres some of which extend into the Group | 


range and are from other than muscle receptors. As will be discussed below, : 


the interpretation of reflex effects from FLD nerves must take into con- 
sideration possible contamination from interosseous-type fibres. 

Of the fibres isolated from the FLD nerves, nine could not be made to 
discharge by mechanical stimulation. This is an unexpectedly large number 
of muscle nerve fibres to be found unresponsive to the natural stimuli 


employed (see Hunt, 1954). Since a considerable number of fibres in the | 


interosseous nerve could not be made to discharge, and since fibres of 
interosseous nerve type do run in the FLD nerves, the unresponsive units 
may well have come from receptors outside the muscle. _ 


Fibres in the interosseous nerve 
A total of sixty-one fibres were isolated from this nerve, of which forty- 
eight could be activated by the available means of mechanical stimulation. 
The behaviour to various types of stimuli permitted a separation of the 
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: receptors of such fibres into three major categories which will be described 


separately. 

l. ation receptors. These units were so designated because of their ~ 
unique sensitivity to vibratory stimuli. Although these receptors differed 
in threshold, most of them were extraordinarily sensitive to vibration, 
particularly when transmitted via bone. The preparation was mounted on 


Fig. 4. Responses recorded in a fibre from a vibration receptor. A, to tap of metal 
upright; B, to dropping box of paper matches on heavy base plate; C, to tapping 
foot on floor; D and E, to light stroking of skin over pretibial region; F, to applica- 
tion of tuning fork vibrating at 100 c/s to metal upright. Time marker, 100 msec; 
time marker above pertains to A, B and C, time marker below to D, E and F. 


a heavy aluminium base plate by means of steel pins inserted into the lower 


ends of the femur and tibia, as well as by clamps on the ilia and spinous 


processes above the laminectomy. A brief tap causing vibration of one of 


the metal uprights attached to this base elicited a discharge from vibration 
receptors which appeared to follow the frequency of vibration (Fig. 4A). 
Some were so sensitive that slight jarring of the floor some distance away 
(Fig. 4C) or the vibration produced by dropping a small package of paper 
matches on the heavy base plate (Fig. 4B) was sufficient to evoke discharge. 
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Another very effective stimulus was light stroking of the skin over the 
pretibial region by a wisp of cotton or by a soft brush (Fig. 4D, E). The 
most effective stimulus to vibration receptors was provided by application 
of a tuning fork over the bony structures in the lower leg. Figure 4F shows 
the response of a vibration unit to a tuning fork vibrating at 100 c/s applied 
to an upright attached to the base plate. In this case the receptor dis- 
charged one impulse to each cycle. While vibration receptors were extremely 
sensitive to transient mechanical stimuli, they failed to respond to sustained 
pressure or to squeezing of bony structures in the lower leg. These receptors 
invariably appeared to be rapidly-adapting. 

Further investigation of the response of vibration receptors was under- 
taken by using an electromagnetic vibrator actuated by a variable- . 
frequency sine-wave oscillator. The vibrating element was attached to a 
steel pin which was-pressed against the lateral malleolus (the connexion 
between the tibia and base plate being loosened). Although the amplitude | 
ofsvibration diminished considerably above 100 c/s, owing to the charac- 
teristics of the vibrator used, it was found that vibration receptors often 
followed frequencies up to 700 c/s. It is possible that the upper frequency 
- limit would be even higher in response to a larger amplitude of vibration. 
Most vibration receptors failed to discharge at frequencies of vibration 
below 40 c/s. The response of an illustrative unit to vibration at varying 
frequency is.shown in Fig. 5. Over a considerable range the ‘receptor 
discharge followed the frequency of vibration in a 1:1 ratio. However, in 
the range 130-160 c/s two impulses were evoked per vibration cycle. At 
frequencies greater than 400-500 c/s this receptor sometimes fired on 
alternate cycles of vibration. These findings were generally representative 
of the vibration receptors examined, although the exact frequencies at 
which the receptor followed the vibration frequency on a 1:1, 2:1 or 1:2 
basis varied from one unit to another. Also, other ratios of discharge to 
vibratory cycle were occasionally noted. For example, one unit showed a 
ratio of 3:1 over a limited range of frequency. 

As might be expected from their very low threshold to transient 
mechanical stimuli, vibration receptors also discharged during contraction 
or stretch of nearby muscles. Figure 6B shows the response of such a unit 
to contraction of the lateral FLD muscle. As was frequently observed, a 
series of impulses was discharged during the muscle twitch. ‘ 

2. Tap receptors. Another category of receptor frequently encountered 
was one which responded to brief mechanical stimuli applied to bony 
structures in the leg or foot. These receptors were rapidly-adapting. The 
most effective stimulus was a sharp tap with a finger or blunt instrument 
on the tibia (Fig. 7 B). These receptors were much less sensitive to mechanical 
stimuli than the vibration receptors and failed to respond to a vibrating 
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| 


Fig. 5. Response of a vibration receptor to vibrating stimulus at varying frequency. 
Frequency gradually increased for first four records to a maximum of about 400 c/s, 
then decreased in lowest record. Sine wave below impulse record indicates driving 
frequency. Receptor follows frequency of vibration except for range 130—160/sec, 
where there are 2 impulses/vibration. Time marker, 0-1 sec. 


Fig. 6. Responses of a tension receptor (A) and of a vibration receptor (B), both in 
the interosseous region, during contraction of the lateral FLD muscle. Lower traces 
show isometric tension record. Time marker, 10 msec. Slow potential in upper 


traces is artifact from muscle action potential. | 
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tuning fork held against the bone. It is possible that the tap and vibration 
receptors are similar in nature but have thresholds that are widely 
different. The fact that the afferent fibres from the vibration and tap 
receptors have the same range of diameter, as described below, could be 
taken to support this suggestion. 

3. Tension receptors. These were activated by éseehinnical stimuli which 
must have caused tension upon, or deformation of, the interosseous 
membrane or associated structures. Squeezing the tibia and fibula together 
or pressure through the pretibial muscles were among the most effective 


Fig. 7. Responses of a tension receptor (A) and a tap receptor (B), both in the 
interosseous region. A, effect of squeezing tibia and fibula together on tension unit. 
B, left and right records indicate responses of tap see, ned to brief — of finger on 
tibia. Time marker, 100 msec. 


means of exciting these receptors. A typical response, illustrated in 
_Fig. 7A, shows the discharge in response to squeezing the tibia and fibula 
together. A sustained discharge resulted for the duration of the stimulus. 
Another effective means of eliciting discharge from tension receptors was 
by stretching the FLD muscles, particularly the lateral head. Moderate 
stretch often elicited a sustained discharge, and in a few instances strong 
stretch of the FLD lateral head was the only effective way of evoking © 
discharge from these receptors. The responses of tension receptors to 
muscle stretch bear some similarity to those of tendon organs. However. 
differentiation was no problem, for the responses during muscle contraction 
differed considerably. While tension receptors often showed one or a few 
impulses during contraction of one or both heads of FLD (Fig. 6A), they 
never showed the high-frequency discharge during muscle shortening whic! 
characterizes tendon organs. Tension receptors also could be caused t« 
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discharge by manoeuvres which failed to excite tendon organs, such as 
squeezing the tibia and fibula together. 

Tension receptors were always found to be siowly-adapting, maintaining 
discharge as long as an effective stimulus was applied. Lack of exposure in 
preparations used in the present study prevented evaluation of responses to 
phasic stimuli. However, tension receptors failed to respond to brief 
mechanical stimuli transmitted through the bones of the lower limb. For 
example, tapping the tibia or fibula or application of a vibratory stimulus 
to these regions did not evoke discharge. 
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Calculated diameter 


Fig. 8. Calculated diameter distributions of afferent fibres from vibration, tap, and 
tension receptors. All fibres were in the interosseous nerve except five, which were ~ 
in FLD nerves. 


The diameter distributions of interosseous-type afferent fibres associated 
with vibration, tap, and tension receptors are shown in Fig. 8. Included in 
this distribution are the five units from interosseous-type receptors which 
were in the FLD nerves, three of which were tap-type receptors and two 
of the tension type. The diameter distributions of vibration and tap units 
were similar and confined to a range of calculated diameters of 9-16. In 
contrast, the fibres from tension receptors extended over a considerably 
larger range of diameter, the majority of fibres occupying a band com- 
parable in size to Group I of the muscle afferent spectrum. Since fibres of 
tension receptors were found in the FLD nerves and since the interosseous 
nerve may easily be included with the FLD nerves when these are used as — 
conditioning sources for reflex studies, interpretation of the effects of — 
Group I volleys should take into account actions produced by tension 


receptor fibres. 
6-2 


a 
q 


84 HUNT AND A. K. McINTYRE 


In addition to the fibres with receptors of the vibration, tap, or tension 
type, two fibres from the interosseous nerve (which must have taken an 
aberrant course) were isolated which showed discharge patterns typical of 
muscle spindles located in the lateral head of FLD. Also, thirteen other 
fibres of the interosseous nerve were isolated for which no effective natural 
stimulus could be found. Three of these were slowly-conducting (with 
velocities under 33 m/sec) while ten had conduction velocities between 
50 and 96 m/sec. In this regard it is important to note that the exposure of 
tissues innervated by the interosseous nerve was limited in the present 
experiments and it may well have been impossible adequately to stimulate 
endings of high threshold. Preliminary experiments made a number of 
years ago by one of us (A. K. McI.) in collaboration with J. C. Eccles did 
indicate the presence of afferent fibres from the region of the ankle and 
proximal tarsal joints, with receptors of high mechanical threshold. As 
noted above, the relatively large number of fibres in the FLD nerves which 
could not be identified as to receptor function might have a similar 
explanation. | 


DISCUSSION 


The results of the present analysis of afferent fibres from stretch 
receptors of the FLD muscles of the cat indicate that there is nothing 
unusual about the diameter distributions of fibres belonging to the different 
receptor types nor about the relative numbers of spindle and tendon-organ 
endings. As is the case in soleus and medial gastrocnemius (Hunt, 1954), 
spindle afferent fibres fall into two groups corresponding to the Group I and 
Group II bands of the histological afferent fibre spectrum and presumably 
representing the afferent pathways from primary and secondary endings 
respectively. Tendon-organ fibres, on the other hand, are essentially con- 
fined to the Group I band and their diameters are very nearly the same as 
those of the Group I spindle afferent fibres. There is no indication of an 
unusually large proportion of tendon-organ fibres in the FLD muscles 
which might be suggested by the exceptionally powerful reflex actions 
attributed to volleys in Group Ib fibres (Eccles et al. 1957). 


There appears to be little prospect that Ia fibres could be stimulated by | 


weak electrical shocks to the partial or-complete exclusion of stimulation of 
Ib fibres in the FLD nerves, as has been claimed for certain other hind-limb 
muscle nerves (Bradley & Eccles, 1953; Eccles et al. 1957). In this respect 
FLD afferent fibres resemble those of the triceps surae (Hunt, 1954), in 
which the diameter distributions of Ia and Ib fibres show almost complete 
overlap. 

The unusual feature about the FLD nerves is not the relation between 
muscle stretch receptors and the diameter distribution of their fibres but 
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the close association of the interosseous nerve with the muscle nerves 
proper. Apart from the physical proximity and the merging of this nerve 
with the medial branch to the FLD at varying distances from the muscle, 
some afferent fibres serving receptors of the interosseous types have been 
found in the muscle nerves themselves. In view of the fact that some of — 
these aberrant interosseous fibres are of large diameter, occupying the 
Group I range, it appears that it would be impossible to evoke by electrical 
stimulation volleys in either FLD nerve that could with confidence be 
regarded as engaging only afferent fibres from muscle receptors. This 
would be the case even if adequate separation of the interosseous nerve 
from the. LD muscle nerves were achieved. Inclusion of this branch with 
the muscle nerves, or inadequate precautions to prevent cross-stimulation 
at the point where the interosseous branch joins the medial nerve to the 
FLD, would lead to a much larger contamination of the muscle afferent 
volley with impulses in interosseous fibres, many of which conduct at 
Group I velocity. The likelihood of contamination of FLD volleys by 
~ impulses in fibres from interosseous-type receptors should be considered in 
interpreting the central actions produced by such volleys, since it is not yet 
known whether the reflex effects produced by activity in interosseous-type 
receptors are similar to those evoked by tendon-organ activity. 

The fibres from interosseous tension receptors may be as large in diameter 
as the largest Group I fibres in muscle nerves and may conduct at velocities 
in excess of 120 m/sec. Although it is now apparent that fibres in cutaneous 
nerves may conduct as rapidly as 90-100 m/sec, fibres conducting at the 
upper limit of the Group I range have previously been considered to come 
_ exclusively from muscle stretch receptors. However, it seems clear that the 
tension receptors differ from muscle spindles and tendon organs and are 
probably located in the interosseous membrane, periosteum or related 
structures rather than in muscle. Hence, fibres of the entire range of the 
Group I diameter band can no longer be considered as arising solely from 
muscle receptors. | 

The most interesting of the receptors connected with fibres in the inter- 
osseous nerve are those sensitive to vibration. It seems very likely that 
these receptors must be of the same type as those responsible for the 
cortical responses to very slight mechanical stimuli described by Mount- 
_ eastle, Covian & Harrison (1952) and by Mountcastle & Powell (1959). The 
extreme sensitivity of the lowest threshold vibration receptors is most 
striking. In fact, one such unit responded to nearby loud sound, 
suggesting their sensitivity might even approach the range of sensitivity 
of cochlear receptors. The possibility seems very likely that the vibration 
receptors are concerned specifically with reception of vibratory stimuli and 
must be concerned with the conscious perception of vibration. Although 
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other receptors, such as the muscle spindle (Kuffler e¢ a/. 1951), may follow 
vibratory stimuli over a limited range, the vibration receptors described 
in the present study follow a wide range of frequencies and appear to have 
a much greater sensitivity to this form of stimulation than any other known 
receptors in skeletal structures. The preliminary observation made by one 
of us (A. K. MclI.), that electrical stimulation of the interosseous nerve 
readily evokes potentials in the sensory receiving zones of the cerebral 
cortex, is consistent with the view that such receptors may be involved 
in vibration perception. 

Although the vibration receptors appear to be optimally sensitive to the 
application of vibratory stimuli tc the bony prominences, they also respond 
to vibrations transmitted through the foot pad and they may be expected 
to signal to the animal slight vibratory movements of the supporting 
surface, almost in the manner of a seismograph. Conceivably such a 
sensing system could be of importance in detection of prey. It would be of 
considerable interest to determine how widespread is the distribution of 
this type of very sensitive vibration receptor in regions other than the hind 
limb and in species other than the cat. The location and morphology of the 
vibration receptors also remain to be found. 

The possible relation between vibration receptors and the less sensitive 
tap receptors is still to be determined. Also, the rather large number of 


interosseous fibres unidentified as to receptor type suggests the need for | 


further experiments, in which more adequate exposure permits the appli- 
cation of high-intensity mechanical stimuli to localized areas in the region 
innervated by the interosseous nerve. 


SUMMARY 


1. An analysis of receptor characteristics and fibre diameter of 275 
afferent fibres from the nerves to flexor digitorum longus (FLD) muscle 
and the associated interosseous nerve has revealed the following: 

2. Fibres from muscle spindles in the FLD muscles have a bimodal 
distribution of diameter, the modes occurring in the Group I and II bands. 
Fibres from tendon organs showed a unimodal distribution -eappagead 
confined to Group I. 

_ 3, Several types of receptor, whose physiological activity has not 
previously been described, have been found associated with interosseous 
nerve fibres: (a) tension receptors, which have fibres extending to the 
maximal size of the Group I band and show a slowly-adapting discharge to 
pull or tension on structures of the interosseous region—their location has 
not yet been established ; (b) vibration receptors, which respond to vibratory 
stimuli between 40 and 700/sec, are rapidly-adapting and often extreme! 
sensitive—they are probably concerned with vibration sensibility ; (c) tay 
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receptors, possibly a high-threshold variant of b, which respond to brief tap 
of bony structures around the ankle and are rapidly-adapting. 

4. Some fibres with interosseous-type receptors have been found in the 
FLD nerves and conversely a few fibres from muscle spindles have been 
noted to course in the interosseous nerve. FLD nerves cannot be regarded 
as purely muscle nerves and the reflex effects of volleys in thes6 nerves 
may depepal, in part, on actions evoked by fibres from interosseous-type 
receptors. 


This work was supported by a research grant (B-1320) from the’National Institutes of 
Health. 
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PROPERTIES OF CUTANEOUS TOUCH RECEPTORS IN CAT 


‘By C. C. HUNT anp A. K. McINTYRE* 
From the Department of Physiology, University of Utah College of 
Medicine, Salt Lake City, Utah, U.S.A. 


(Received 14 March 1960) 


In their analysis of discharge patterns in cutaneous afferent fibres in cat, 
Maruhashi, Mizuguchi & Tasaki (1952) noted some fibres which showed 
discharge to mechanical stimulation of small receptive fields, often with 
_ spots of high sensitivity. The receptors adapted rapidly. Recently Witt & 
Hensel (1959) described responses in cutaneous fibres of cat with receptors 
sensitive to both mechanical and thermal stimuli. The receptors of such 
fibres often displayed localized areas of mechanical sensitivity. They also 
showed many of the characteristics of cold receptors previously described 
in the tongue (Hensel & Zotterman, 1951a), responding particularly to 
phasic cooling. 

In the course of a study of fibre diameter and receptor iin in 
isolated fibres of sural nerve, described in thespaper which follows (Hunt & 
McIntyre, 1960), it was found that a type of receptor could be categorized 
which possessed featuresssome of which were noted by Maruhashi et ai. 
(1952) and by Witt & Hensel (1959). These receptors, which, together 
with their fibres, have been called touch units, have highly localized 
regions of mechanical sensitivity and many show responses to thermal as 
well as tactile stimuli. This paper is concerned with a detailed description 


of touch receptors in the skin of cat innervated by the’sural nerve. The 


data are derived from study of 114 isolated touch units. 


METHODS 


Adult cats anaesthetized with pentobarbital sodium (Nembutal; Abbott Laboratories) 
were used. After laminectomy in the lumbosacral region, the exposed spinal cord and roots 
were covered with paraffin oil equilibrated with 95% O, and 5% CO,. Dorsal and ventral 
roots from L6 to S82 were divided near the cord. By an incision over the popliteal fossa the 
sural nerve was exposed and placed intact on stimulating electrodes in a pool of paraffin oil. 
Other nerves in the hind limb and hip were cut. Single afferent fibres were isolated in fila- 
ments of dorsal root. 

Skin temperature was measured by a small bead thermistor introduced subcutaneously 
at some distance from the receptor under study and then passed under the skin until it 
rested a few millimetres from the receptor, pointing outwards against the skin. In this 
position it responded within a few seconds to changes in skin temperature produced by 
* Present address: Department of Physiology, University of Otago, Dunedin, New Zealand. 
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cooling with ice or ether or by warming by infra-red radiation. While the thermistor tempera- 
ture cannot be taken as indicating directly the temperature of the receptor, it served as a 


_ reasonable approximation to the latter. The thermistor was connected to a bridge circuit, 


the output of which could be read on a calibrated meter or displayed on one beam of the 
cathode-ray oscilloscope. A switching arrangement permitted resistance equal to the 
thermistor resistance at known temperatures to be connected to the bridge in place of the 
thermistor, thus providing reference calibration during the course of the experiment. 

Mechanical stimulation of the skin was produced by pressure against the skin by a blunt 
stylus attached to the piston of a syringe. Air pressure was applied to the syringe through 
a variable-demand valve regulator, the duration of the constant pressure being controlled 
by a transistor-regulated relay. | 


RESULTS 
Responses to mechanical stimuli 
Touch receptors could usually be readily distinguished from other types 


_of receptors in the skin that were sensitive to mechanical stimulation. 


The latter, which are more fully described in the paper which follows, 
include hair receptors, pressure receptors, and probable nociceptive units. 
Hair receptors responded to movement of hairs without otherwise de- 
forming the skin and usually displacement of any of a considerable 


_number of hairs sufficed to evoke discharge. Touch receptors, on the - 


other hand, usually discharged only when the skin was actually touched 
and careful mapping indicated that the receptive area was limited to one or 
more very discrete spots. Further, hair receptors were invariably rapidly- 
adapting, while touch receptors were generally slowly-adapting. Occasion- 
ally very sensitive touch receptors discharged to movement of hairs, but 


_ they could be distinguished from hair receptors by other aspects of their 


behaviour. Pressure receptors were of much higher threshold and had no 
sharply localized receptive spots. 

Touching the skin with a large blunt object evoked discharge in fibres 
or touch receptors which was usually sustained for the duration of the 
stimulus. In response to this type of stimulus the discharge was of 
moderate frequency (up to about 100/sec) and was graded by the degree 
of pressure employed. Generally only light touch was required to initiate 
discharge. Often traction on the skin at some distance from the receptive 
area would evoke a low-frequency discharge from touch receptors, but 
they were always much less responsive to such remote stimulation than 
highly sensitive hair receptors (Hunt & McIntyre, 1960). 

More detailed examination of the mechanical responses of touch re- 
ceptors was carried out with a fine probe such as a cat’s vibrissa. To such 
a mechanical stimulus the receptive region was found to be limited to 
very discrete spots, numbering one to five in a given touch unit. In units 
showing multiple receptive spots these were usually arranged in a cluster, 
the individual spots being 1-5 mm apart. Some of the arrangements 
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observed are shown in Fig. 1. The number of receptive spots per unit 
observed in 77 touch fibres was as follows: 1 spot—30 fibres, 2 spots— 
34 fibres, 3 spots—8 fibres, 4 spots—2 fibres and 5 spots—3 fibres. Light 


touch to regions between sensitive spots usually caused no discharge, 


although sufficient pressure to such regions could do so, presumably by 
the deformation transmitted to a receptive spot. Only a few units were 
found in which the spots were not highly localized. In these, light touch to 
an area of some 30-60 mm? was capable of producing response, but even 
in such units several spots of heightened sensitivity were noted. 
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Fig. 1. Examples of the distribution of receptive spots taken from 
eight touch units. 


The discharge evoked by mechanical stimulation of a discrete receptive 
spot could be graded in frequency by intensity of stimulation but could 
be of much higher frequency than that evoked by more diffuse pressure. 


Indeed, touch of a discrete receptive spot by localized pressure of moderate | 


intensity characteristically produced a high-frequency train of impulses 
(up to about 400/sec) which tended to fall in frequency with maintained 
stimulation, although discharge usually continued until stimulation ceased 
(Figs. 2, 7). In contrast, the discharge to more diffuse pressure, while 
showing a lower initial frequency, tended to fall off less in frequency with 
maintained stimulation. 

Repeated probing of a receptive spot sometimes led to unresponsiveness, 
although if a fibre had multiple receptive spots the remaining spots con- 
tinued to respond to mechanical stimuli. The onset of block was associated 
with a diminution in number and frequency of impulses evoked by a tactile 
stimulus of a given duration and intensity to the receptive spot (Fig. 2). 
Together with this reduction in response there occurred an increase i)) 
rate of adaptation, so that impulses were evoked only at the onset of the 
tactile stimulus. Finally, there was absence of discharge to the mechanica' 
stimulus even if this were made several times more intense than tha: 
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which originally evoked a high-frequency discharge. Following a period 
of rest of 5-15 min some blocked receptive spots recovered their responsive- 
ness. Heavy pressure or pinching the skin, as was sometimes employed 
in seeking responses of possible nociceptive units, seemed to predispose 
toward block of touch-receptive spots. 7 


Fig. 2. Responses elicited from a touch unit by successive stimuli to a receptive 
spot, showing the development of block. Thermistor temperature 35° C. Horizontal 
bars indicate approximate duration of mechanical stimulus. Time marker, | sec. 


Responses to temperature 


A large number, of the touch units examined displayed background 
discharge at the usual resting levels of skin temperature (32—35° C). At 
a constant temperature the discharge was often aperiodic, particularly 
when the average frequency was low. Changing the skin temperature to 
a new steady level usually altered the average discharge frequency, as is 
shown by the example in Fig. 3. This fibre showed discharge to tactile 
stimulation of discrete receptive spots, was slowly-adapting and displayed 


- the usual characteristics of touch units. The background discharge in the 


absence of tactile stimulation is shown at three fairly constant levels of 
skin temperature (Fig. 3). This discharge had its highest average frequency 


at a thermistor temperature of 30°C; when the temperature was raised 


to 34:5 or lowered to 25-6° C the average frequency fell. When warmed or 
cooled sufficiently the discharge ceased. Figure 4 illustrates four examples 
of the relation between average discharge frequency and static temperature 
level as recorded by the thermistor. Units varied considerably as to the 
temperature at which peak frequency of discharge occurred, as well as to 
the range of temperature associated with discharge. In general the 
temperature range associated with discharge was approximately 22-42° C, 
although in many units the range was more narrow. The curves of Fig. 4 
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Fig. 3. Base-line discharge in a touch unit at three different skin temperatures. 
Thermistor temperature at onset of upper record 34-5, middle record 30, lower record 
25-6° C. Time marker, | sec. 
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Fig. 4. Relation between base-line discharge frequency and skin temperature in 
four touch units. Ordinate, average frequency (impulses/sec). Abscissa—ther- 
mistor temperature. 
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are selected from units showing the most reproducible frequency changes 
at various temperature levels. In this selected group considerable vari- 
ability of mean frequency is evident at the various temperature levels. 
In many other units such variation was more evident and it was difficult 
to obtain reproducible curves relating average frequency to temperature 
(cf. Witt & Hensel, 1959). 

In addition to units which showed discharge with a frequency maximum 
in the 28-38° C range, others were found which showed no discharge until 
the temperature as recorded reached 40-42° C, whereupon repetitive dis- 
charge began and as the temperature was further raised the discharge 
frequency increased until it abruptly ceased. The upper limit of tempera- 
ture studied was limited to about 45° C, in order to avoid tissue damage. 
On removal of the heat source, rapid cooling from the temperature maxi- 
mum was generally accompanied by a discharge at considerably higher 


Fig. 5, Effect of Warming and cooling on base-line discharge of a touch unit. 
Upper record, application of warm water raised temperature from 29 to 36° C. 
Lower record, application of cold water lowered temperature from 36 to 32-5° C. 


‘Time marker, | sec. 


frequency than during warming. Indeed, a number of units were observed 
which showed no discharge to warming and discharged only after the heat 


v 


source was removed. 
An example of a unit which exhibited responses similar to cold receptor 


units (Hensel & Zotterman, 1951a; Witt & Hensel, 1959) is shown in Fig. 5. 
Allowing cold water to flow over the receptive area caused a marked in- 
crease in discharge. In contrast, similar application of warm water pro- 
duced an inhibition of the base-line discharge during the period of phasic 
warming. There seemed to be no apparent mechanical stimulation asso-— 
ciated with the latter. Direction and rate of temperature change are 
important determinants of responses of touch units to thermal stimuli. 
The most effective stimulus was usually rapid cooling and some touch 
units responded only during sudden phasic lowering of temperature. 
Not all units behaved in a manner analogous to the responses of cold 
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receptors. The unit of Fig. 6 is an example of such an exception. As 
temperature was raised no discharge occurred until the thermistor tem- 
perature was above 41-:2°C. With further temperature increase the dis- 
charge continued until it stopped abruptly at about 43-5°C. Removal of 
the infra-red heat source was followed by a fall in temperature at a rate 
equivalent to that which occurred during warming, but no discharge was 


evoked. At least over the temperature range shown, this unit was more | 


responsive to warming than cooling. However, rapid cooling was quite 
effective in evoking discharge, as can be seen in the lower record of Fig. 6, 
which illustrates the response to application of ether to the skin. 

The findings described above suggest that many touch receptors have 
some properties of cold receptors. Witt & Hensel (1959) have previously 
noted receptors of cat skin which behaved in several respects like cold 
receptors and which also responded to mechanical stimuli (see Discussion). 


Fig. 6. Effect of slow warming and cooling and of rapid cooling on a touch unit. 
Upper record shows gradual warming from 41-2 to 43-6° C and subsequent cooling 
when infra-red heat was removed, the temperature fall being from 43-6 to 41° C. 
Lower record shows discharge evoked by rapid cooling from 40-6 to 20° C. 


Effects of temperature on responses to tactile stimulation 
‘With. a constant-pressure stimulus which could be delivered for a pre- 
determined duration (see Methods), the responses of touch units to 
mechanical stimulation were studied at varying skin temperatures. It was 
found that responses to constant tactile stimuli varied as a function of 
temperature. ‘At the extremes of the temperature range studied touch 


_ receptors often completely failed to respond to the mechanical stimulus. 


This failure of response commonly occurred below 22 and above 42° (. 
In the range between these extremes the discharge to a constant mechanica! 
stimulus was significantly altered by skin temperature. The unit of Fig. 7 
displays some of the effects of cooling. The uppermost record (A) shows & 
base-line discharge and the increase in discharge which accompanie‘! 
cooling. Following this, two applications of a constant-pressure stimulus 
(2 sec duration) to a receptive spot caused a sustained discharge durin. 
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the period of stimulation. The second record (B) shows a period of further 
cooling which was accompanied by discharge and the responses to sub- 
sequent mechanical stimulation. Although the temperature had fallen 
from about 32—24-7° C, the responses to mechanical stimuli were approxi- 
mately similar. The third (C) and fourth (D) records show the effects of 
still further cooling: during the cooling discharge again occurred. At a 
temperature of 20° C two applications of the pressure stimulus of 2 sec 
duration resulted only in 3 or 4 impulses at the onset of the stimulus. 
A similar effect occurred at the upper temperature extreme studied 
(about 43° C.) | 


Fig. 7, Effect of cooling on responses of a touch receptor to mechanical stimulation. 
Upper record (A) shows cooling from initial temperature of 38-2 to 32-4° C; at right 
responses to two pressure pulses (2 sec duration) applied to receptive spot (at 
average temperature of 31-8° C). Second record (B) shows further cooling from 
28-8 to 24-7°C; at right responses to mechanical stimulation at temperature 
24-7° C, Third (C) and fourth (D) records show still further cooling from 24-7 to 
.20° C; at right of lowest record are responses to two pressure pulses at temperature 
20°C. Note brief responses although duration of pulse was similar to that in 
right upper record. Time marker, | sec and 01 sec. 


If the intensity of mechanical stimulus in Fig. 7 had been constant for 
its duration, the brief discharge at 20° C would indicate that the receptor 
adapted more rapidly at this temperature than at 31:8 and 24-7°C. 
Another possible explanation of these results would be that the mechanical 
d-formation was greater at the onset of the pressure pulse and that the 
change in discharge following cooling resulted from an increased threshold 
of the receptor. However, strong pressure by a finger to the receptive field, 
w.ich at normal temperatures evoked sustained discharge, elicited only | 
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a brief discharge on application when the skin was cooled or warmed. 
These findings indicate that although touch receptors generally adapt 
slowly over a considerable temperature range, they can adapt rapidly 
when the skin is sufficiently warmed or cooled. 


Certain effects of tactile stimulation on the base-line discharge of touch ~ 


units may also be seen in Fig. 8. The base-line discharge was interrupted 
following the application of a mechanical stimulus, the response to the 
pressure pulse being followed by a period of silence. ‘In some circumstances 
the base-line discharge reappeared after a short interval, but repetition 
of the response to mechanical stimulation led to a longer silence of the 
base-line discharge: A similar period of cessation of background discharge 
was seen after high frequency tetanic stimulation of the sural nerve. 


_ Fig. 8. Response of touch unit showing base-line discharge and responses to two 
pressure pulses. Note brief pause in base-line discharge after first mechanical 


stimulus and the more prolonged pause after the second. Thermistor temperature 
35-6° C. Time marker, 1 and 0-1 sec, 


DISCUSSION 


Touch receptors have been shown to signal tactile stimulation of the 
skin by a discharge which is graded in frequency according to the degree 
of mechanical deformation. In general this discharge is slowly-adapting 
and can provide sensory information concerning maintained tactile stimu- 
lation. This is in contrast to hair receptors which signal principally rate 
of change of hair movement. Touch receptors of cat skin have discrete 
receptive spots which may bear similarity to the well known touch spots of 
human skin. Many touch units in the cat have multiple receptive spots, 
often located several millimetres apart. The morphology of such receptive 
spots in the skin of cat is not yet known. However, the discreteness of the 
touch receptive spots suggests that a given point on the skin could possibly 
be subserved by-only one touch receptor fibre. 

Of considerable interest is the fact that many touch units show discharge 
not only in response to mechanical stimulation but also to thermal stimu!i. 
Although the responses to tactile stimuli are fairly consistent among 
touch units, the responses to thermal stimuli vary considerably among 
different units and even in a given unit may show considerable variability. 
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The majority of the touch units show considerable aperiodicity of discharge 
at a given skin temperature. Many show a more consistent behaviour 
to phasic changes than to static levels of skin temperature. As noted by 
Witt & Hensel (1959) the majority of the thermosensitive touch units 
have some of the properties of cold receptors as described in the lingual 
nerve (Hensel & Zotterman, 1951a). However, the highly reproducible 
responses to tactile stimuli, in contrast to the rather variable responses 
to thermal stimuli, suggest that touch units should be considered primarily 
as mechanoreceptors with a possible secondary function as thermoreceptors. 
Other examples of receptors responsive to both mechanical and thermal 
stimulation are known. Thus the pit reéeptors of Crotalidae are responsive 
to both infra-red radiation and to mechanical stimuli (Bullock & Diecke, 
1956). Also, certain receptors of the tongue which are responsive to 
pressure also show discharge to rapid cooling (Hensel & Zotterman, 19516). — 
The mechanism by which touch receptors are sensitive to both mechanical 
and thermal stimuli is not known. However, such dual sensitivity does 
occur and it seems clear that receptor specificity is less strict than has been 
generally assumed (cf. Sinclair, Weddell & Zander, 1952). Nevertheless 
some degree of specificity is indicated by the fact that hair receptors 
generally fail to respond to changes in skin temperature whereas most 
touch receptors do (Hunt & McIntyre, 1960). 
It is possible that sensory information relating to both touch and tem 
perature may be conveyed by the same fibres. At the present time the 
means whereby these two types of information might be decoded by the 
central nervous system can only be surmised. One factor that could be 
of importance is the fact that the frequencies of discharge associated with 
rather slow changes in skin temperature are generally considerably lower 
than those resulting from tactile stimulation. It is conceivable that 


_ collaterals of touch unit fibres could establish synaptic connexions with 


two types of second-order neurones. In one type of relay characteristics 
of synaptic transmission could limit response of the second-order neurone 
to the lower range of frequencies that are generally involved in responses 
of touch units to thermal stimuli. The other type of relay could transmit 
the higher frequencies generally associated with responses to mechanical 
stimuli and would be responsive predominantly to phasic changes in 
discharge. Such a scheme would not provide for complete differentiation 
of the two types of information. 

At the present time the possibility that some small myelinated fibres con- 
vey temperatureinformation exclusively cannot be excluded (see Maruhashi 
etal. 1952; Hunt & McIntyre, 1960). Also, the role of non-myelinated fibres 
in signalling temperature (Douglas, Ritchie & Straub, 1959; Iggo, 1959) 


must be considered in interpreting cutaneous temperature sensibility. 
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SUMMARY 


By recording from single afferent fibres from the sural nerve of cat, the 
following characteristics of cutaneous touch receptors have been found: 
1. Touch units display 1-5 discrete receptive spots and show a slowly- 
adapting discharge to mechanical displacement of such spots. Touch 


receptive spots may become blocked by repeated mechanical stimulation. 


2. Many touch units show a base-line discharge, in the absence of 
mechanical stimulation, which is dependent in average frequency on skin 
temperature. | 

3. The responses of touch units to mechanical stimuli can be influenced 
by sufficient warming or cooling of the skin. In these circumstances the 
receptor becomes rapidly-adapting and fewer discharges are evoked by a 
constant mechanical stimulus. 


4. The relation of these findings to the problem of specificity of re- 


_ ceptors to thermal and mechanical stimuli is considered. 


This work was supported by a research grant (B1320) from the National Institutes of 
Health. | 
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The preceding paper considered the characteristics of touch receptors | 
in the skin of cat, the analysis being made on certain of the fibres that were 
isolated in the course of the study now to be described. The present report 
is concerned with the relation between fibre diameter and receptor 
characteristics, as determined in 421 individual vi romper afferent fibres 
from the sural nerve of cat. 

Several considerations caused us to undertake this ies Although 
there have been many studies on perception of cutaneous sensation in 
man, comparatively few investigations have been concerned with the 
receptor characteristics of individual myelinated cutaneous afferent fibres © 
in mammals (see Discussion). Another factor was that recent anatomical 
studies (Sinclair, Weddell & Zander, 1952) have suggested re-evaluation 
of the generally held ‘doctrine of specific nerve energies ’, i.e. the specificity 
of a given receptor for a particular type of stimulus. Although it has long 
been recognized that the specificity of receptors for particular types of | 
stimulus was not absolute, the concept that sensory information for a 
particular type of natural stimulus is transmitted exclusively in certain 
afferent fibres has been widely accepted. 

The use of volleys in cutaneous nerves, graded in size by stimulus strength, 
for the study of spinal reflexes and of sensory systems has also posed a 
need for more information on the relation between receptor characteristics . 
and fibre diameters. Similarly, the detailed information now available on 
responses to natural stimuli of cortical neurones of the primary sensory 
receiving area (Mountcastle, 1957) requires, for its fuller interpretation, 
more information as to receptive fields and response characteristics as 
recorded in primary afferent fibres. 

It will be shown that several distinct categories of receptors may be 
recognized by their responses to adequate or natural stimulation, and the 


relation of fibre diameter to these categories has been defined. Also, 
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receptor characteristics have been more fully described and receptive fields 
of various types of receptors have been mapped. 


METHODS 


Adult cats anaesthetized with sodium pentobarbital (Nembutal; Abbott Laboratories) 
were used. Laminectomy was performed, the appropriate dorsal roots (and associated 
ventral roots) were cut near the spinal cord, and nerves in the hind limb other than the 
sural were also cut. In most preparations single afferent fibres were isolated in dorsal root 
filaments. The presence of a fibre from the sural nerve was detected by an impulse evoked 
by stimulation of the latter. Conduction times were determined from stimulus—response 
intervals. The latter were measured by a Berkeley 1 MC counter (see Hunt & McIntyre, 
1960a). The beginning of the counted interval was signalled by the stimulus, the end by 
the onset of,the impulse. In all cases the stimulus—impulse interval was observed on one 
beam of a dual-beam Tektronix oscilloscope (model 502) and the gated interval simulta- 
neously on the other beam. On completion of each experiment the conducting pathway 
between stimulating cathode and proximal recording electrode was excised and measured. 
From the conduction time, 0-1 msec was deducted for utilization time, and conduction 


velocity then calculated (Hunt, 1954). In measuring conduction time stimulus strength was _ 


made approximately twice threshold strength. 

Exposed tissues were covered with paraffin oil initially equilibrated with 5% CO, 
and 95% O,. Body temperature was kept between 37 and 39° C. The region of the skin 
innervated by the sural nerve was carefully clipped so that the hairs protruded about 1 mm 
from the skin. The limb was held by a pin inserted into the medial malleolus, so that the 
sural area was suspended in air. 


RESULTS 


Of the total of 421 single myelinated afferent fibres studied from sural 
nerve, the great majority exhibited discharge in response to some form of 
natural or adequate stimulation. Most afferent fibres and their receptors 
(units) studied fell into one of several distinct categories with respect to 
the type of stimulus most effective in eliciting discharge. The most 
commonly encountered fibres had receptors in which activity was evoked 
primarily by displacement of hairs, and have been designated ‘hair units’. 
Another major category consisted of ‘touch units’, as described in the 
preceding paper (Hunt & McIntyre, 19605). Fibres showing discharge in 
response to other types of stimulation included those responding to heavy 
pressure, to brief tap on the skin, to pinch or pin prick, as well as others 


in which discharge was evoked by stimulation of subeutaneous or joint 


structures. The response characteristics of the various types of units will 
be considered separately. 


Since myelinated cutaneous fibres en a wide and characteristic 


distribution of fibre diameters, it was of interest to compare the distribu- 
tion of calculated fibre diameters with the histological spectrum in order 
to assess the adequacy of sampling. For conversion of conduction velocity 
to diameter, direct proportionality by a factor of 6 has been used (Hursh, 
1939). The calculated diameter distribution of the 421 fibres sampled is 
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shown in Fig. 1. According to the conversion used, the largest fibres 
would be in the 16-17. band, the peak of the « group at 10-12,, and the 
peak of the 6 group at 3-4. In general this distribution is similar to the 
histological spectrum shown in Fig. 8 of Gasser & Grundfest’s (1939) 
paper: The peak of the 8 group in the calculated fibre diameter spectrum 
is probably at too small a diameter; from histological spectra this would 
be expected to occur at slightly larger diameter. While it seems likely that 
conduction velocity (m/sec) is related to diameter (u) by a factor of 6 


70 


1234 5 67 8 9 10 11 12 13 14 15 16 17Diam. (p) 
6 12 18 24 30 36 42 48 54 60 66 72 78 84 90°96 102 
Conduction velocities (m/sec) 


Number of fibres 


w 


5 


= 


0 


Fig. 1. Distribution of fibres according to conduction velocities and calculated 
diameters, total sample of 421 sural fibres. 


in the largest fibres, the factor of conversion may deviate more widely 
among 8 fibres. This could explain a difference in peak distribution of 
5 fibre diameters between the isolated fibre and histological spectra. In 
spite of this uncertainty, the calculated diameter distribution indicates 
that fibres throughout the myelinated range were sampled. Probably 
because of the greater ease of isolating larger fibres, the sample of « fibres 
may be disproportionately large. However, the sample may be considered 


‘representative of the spectrum of fibre diameters with the possible 


exception of the smallest 5 fibres. The conduction velocities also suggest 
that the largest « fibres are considerably faster than Group II fibres of 
muscle nerves (Lloyd & Chang, 1948; Hunt, 1954). Also, the minimum in — 
the distribution separating the « from the 5 modes occurs at a larger 
diameter than that separating Groups II and III in muscle nerves. In the 
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present study fibres with calculated diameters between 6 and 17, will ~ 


be called «, those betwegf? 1 and 6p 5 (see Gasser, 1960). 


Hair receptors 


Units responding principally to hair movement numbered 263 of the 
total sample, = 62°. Movement of hairs was the most effective means 
of eliciting discharge. Hair movement was produced by brushing the 
hairs, which had been clipped short, with a fine hairbrush, with a cat’s 
vibrissa, or by displacing hairs with fine watch-maker’s forceps. Movement 
of hair without otherwise deforming the skin served to evoke discharge, 
in contrast to the touch units considered below. A typical response of a 
hair unit is shown in Fig. 2. 


Fig. 2. Discharge in a hair receptor fibre to bending of hairs. Bar gives estimate of 
duration of bending. Time marker, 100 msec, lowest trace. 


Hair units were always rapidly-adapting and ceased discharging when 
hairs were maintained in the bent position. However, some were so sensi- 
tive that slight movement of hairs while in the bent position would result 
in discharge. Although all were rapidly-adapting, differences in the rate 
of adaptation were evident among the various hair units. Thus the most 
rapidly-adapting responded only when the hair movement was rapid and 


not to slow bending of haifs. Others discharged even when hairs were 


moved slowly. 


The calculated diameter distribution of fibres of hair units is shown in. 


Fig. 3. The distribution is clearly bimodal, with peaks in the « and 5 
ranges. Comparison with Fig. 1 reveals that hair units accounted for the 
bulk of the 6 group and a very substantial fraction of the « group. Also, 
the largest fibres in the « range were from hair receptors. Hair units appear 
to occur over the entire myelinated fibre range, from small 5 to largest «, 
and there seems to be no band of fibre diameters free of fibres from hair 
receptors. 

The receptive fields of hair units are shown in the charts of Fig. 4. 
A total of 152 units are shown on six projections of the region of skin 
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| innervated by the sural nerve. This number of hair units was contained 


in a sample of about 300 sural fibres. Assuming the sural nerve to have 
about 1200 fibres (an unpublished count (Gasser, personal communica- 
tion) of the myelinated fibres in sural nerve totalled 1073), one may 
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6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96102 
Conduction velocity (m/sec) : 
Fig. 3. Distribution of conduction velocities and calculated fibre diameters in 
"hair unite. 


Fig. 4. Receptive fields of 152 hair units. Lateral view of cat hind limb and foot 
shown, with flaps indicating skin medial to mid line (indicated by dotted line). 


obtain a rough estimate of the density and degree of overlap of hair- 
receptive fields in the sural region of a cat by combining the projections 
of Fig. 4and multiplying by a factor of approximately 4. In this manner 
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it would be possible to estimate the approximate number of hair units 
excited by movement of hairs in a given area. Actually the density 


of innervation of hair units would be slightly greater than this estimate, — 


since the data have been derived from a number of animals in which 
the region supplied by the sural nerve is not exactly the same. 

The areas of receptive fields of individual hair units were estimated by 
drawing to scale on graph paper the outline of each unit’s field. The indi- 
vidual fields were then cut out and weighed and their areas estimated by 


— 828 


Receptive field area (mm?) 


12345 6.7 8 9 10 11.12 13 14 15 16 17 
Calculated diameter 


Fig. 5. Relation between receptive-field area and diameter of afferent fibre of 


the same hair units shown in Fig. 4. — horizontal lines at receptive- 
field areas of 10 and 100 mm*. 


comparison with the ushie of sinalase areas. The receptive-field areas 
showed wide variations, the smallest being about 3 mm? and the largest 
828 mm?. The latter was quite exceptional, and all but two units had 
field areas between 3 and 185 mm?. A plot of receptive-field areas of 156 
hair units is shown as a function of calculated fibre diameter in Fig. 5. 
Although there is wide scatter, two features are clear: there was a greater 
incidence of large receptive fields among smaller fibres, and the smallest 
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stimulation have been described in the previous paper (Hunt & McIntyre, 
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receptive fields (less than 10 mm?) were found only in fibres of « diameter. 
However, except for these features there was little correlation between 
receptive-field area and fibre diameter. | 

The serisitivity of hair receptors varied considerably. Some were so 
sensitive that very slight movement of the skin transmitted from a con- 


_ siderable distance would evoke discharge. For example, a number of 


units were found, with receptive fields central to the lateral malleolus, 
which responded when the foot was moved a small distance. Such units . 
showed discharge to gentle blowing on the skin. Great care was necessary 
to define the limits of distribution of the hair receptors of such units. At 
the other extreme were units which responded only when the hairs were 
briskly moved, for example, by rapid stroking with a brush. Between 
these extremes there were many units with intermediate sensitivities. 
In general, if a unit showed great sensitivity the entire receptive field 
exhibited this characteristic and, conversely, in a less sensitive unit 
movement of various hairs within the receptive field indicated the same 
order of sensitivity. However, some differences in sensitivity within the 
field of a given unit could sometimes be detected, particularly in units of 
intermediate sensitivity. 

In a number of hair units an estimate was made of thereceptor sensitivity, 
grading on a basis of from 1 to 4 plus. While such estimates are only 
approximate, the range of sensitivity was sufficiently broad to give it 
significance. A significant correlation was found between sensitivity and 
fibre diameter, indicating that the fibres of slower conduction velocity and 
smaller diameter tend to have the more sensitive receptors. In this regard 
it may be recalled that Zotterman (1939) noted that very light stroking of 
the skin elicited discharge confined to fibres considered to be in the 6 range. | 

Spontaneous discharge was rarely found in hair units. A few were noted 
which gave an impulse associated with each heart beat. In some cases 
this occurred only when the responsive hairs were bent to a certain position. 
No background discharge of the kind found in touch units (see below) was 
noted in hair units. Also, hair receptors were usually unresponsive to 
temperature changes of the skin although on rare occasions hair units 
showed a few discharges when the skin temperature was raised above 
41-42°C, In contrast to touch units (Hunt & McIntyre, 1960), hair 
receptors did not develop non-responsiveness after repeated mechanical 


stimulation of the skin. 


Touch receptors 


Units showing discharge to light touch of the skin numbered 114 or 
27% of the total sample. Their responses to both mechanical and thermal 
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19605). As was there noted, they could usually be readily differentiated 
from hair receptors and other mechanoreceptors. 

The calculated diameter distribution of touch units is shown in Fig. 6. 
In contrast to that of hair units, touch receptor fibres have a unimodal 
distribution which is essentially confined to the « group. In the « range 
the distributions of hair and touch receptor fibres overlap considerably, 
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Fig. 6. Conduction velocity and calculated diameter distribution of 114 touch 
unit fibres. 


Fig. 7. Distribution of receptive spots of 77 touch units. 
- Projection similar to those of Fig. 4. 


although the largest touch units are appreciably smaller than the largest 
hair fibres. 

The distribution of receptive spots of 77 touch units is shown in Fig. 7. 
Multiplication of the number of receptive spots shown by about 4 (see 
above) would indicate the approximate density of innervation by this type 
receptor. It is clear that the density of touch receptor spots is high. 


However, the spots are so discrete that a given point on the skin may well 
be served by only one receptor. 
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Pressure receptors 


A total of 21 units were isolated which showed discharge on pressure 
to the skin of considerably greater intensity than that required to evoke 
impulses from the touch receptors noted above. However, the degree of 
pressure necessary to cause discharge in pressure units was judged less 
than that which would be noxious. The discharge was sustained when 
pressure was maintained. Hence these receptors may be considered slowly- 
adapting. While it was not possible to define precisely the limits of a 
receptive field, pressure was effective only when applied to a fairly limited 
area. In most cases the receptive area shifted with movement of the skin, 
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Conduction velocity (m/sec) 
Fig. 8. Conduction velocity and calculated diameter distributions of 
pressure unit fibres and of fibres from presumed nociceptive units. 


but in occasional units the receptors did not appear to follow skin move- 
ment and were judged to be subcutaneous. However, even units which 
appeared to shift their receptive areas with skin movement — have 
been located deep to the skin itself. 

The diameters of pressure receptor fibres were scattered Pith 3 to 14y— 
with no distinct mode (Fig. 8). They thus occur in both the « and 4 fibre 
groups. Unlike the touch receptors, pressure receptors did not show 
‘Spontaneous or — discharge and did not respond to thermal 
stimuli. 

Probable nociceptive receptors 

A total of seven fibres were isolated which showed discharge only to 
heavy pinching of the skin or pin-prick, stimuli judged to be noxious in 
character. Those responding to pinching of the skin were often slowly- 
adapting, discharge being maintained for the duration of the stimulus. 
Units responding to pin-prick frequently gave only a few impulses on 
pricking the skin or scratching the skin surface with a pin. No after- 
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diecharge was seen, in contrast to that found in nociceptive non-myelinated 
units (Zotterman, 1939). 

The presumed nociceptive units were essentially confined to the 6 range 
of fibre diameters (Fig. 8). The relatively small number of such units may 
be accounted for, in part, by the fact that severe handling of the skin was 
minimized because it led to block of touch receptors. However, even if the 
six 5 units which were unidentified as to receptor function were considered 
as possibly ‘nociceptive’, the total number of nociceptive units would be 
small relative to the number of 6 hair units. 


Other receptors 


A few units with receptor characteristics different from the above were 
encountered. These included five units which responded only to a brisk 
tap on the skin, usually with only one or two impulses. These units had 
fibres between 8 and 14y and may possibly have been nearly blocked 
touch receptors. Another category consisted of two units responding to 


mechanical stimulation of the ankle joint or associated ligamentous © 


structures. One of these was in the 5 range (4-1), the other in the « band 
(10-5). One unit (calculated diameter 11-7) had its receptor in the fascia 
of the gastrocnemius muscle. It gave a sustained discharge to pulling on 
the fascia. 

Of the total sample of fibres eight > were isolated which showed no 
response to mechanical stimulation ; the three of these that were examined 
also failed to respond to warming or cooling of the skin. As was noted 
above, six of the unidentified units were in the 5 range and could possibly 
be nociceptive. The remaining two unidentified units were of the « band 
_ and might have been blocked touch receptors. 


DISCUSSION 
The present nate indicates that the most common receptor type among 
myelinated fibres in the sural nerve of cat is activated primarily by move- 
ment of hairs. Responses to this type of stimulation have been noted 


previously by Adrian (1930) and by Zotterman (1939), both of whom ~ 


described impulses of both large and small size when recording from a 
cutaneous nerve and lightly stroking the skin. Zotterman (1939) utilized 
relative spike potential amplitude as an index of fibre diameter and con- 
cluded that receptors of smaller fibres (judged to be 5) were activated by 
lighter touch than that required to initiate discharge in larger fibres. While 
he did not relate such stimulation specifically to hair receptors, his findings 
are supported by the present results, which indicate that the lowest 


threshold hair receptors tend to have fibres of small diameter. Maruhashi, - 
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Mizaguchi & Tasaki (1952) also reported responses in fibres of saphenous 
nerve of cat related to hair movement. The relative number of hair recep- 
tors found was considerably less than in the present study, and the range 
of diameters was from 6 to 12. The smaller fibres which they designated 
as ‘wide receptive field’, ranging in size from 2 to 5y, are probably the 
same as those here reported as 6 hair units. 

Receptors responding to touch of one or two spots on the skin were 


‘noted by Maruhashi e¢ al. (1952) and found to be associated with fibres 


between 8 and 14, in diameter. The previous paper (Hunt & McIntyre, 
19606) provided a more detailed description of their behaviour and indicated 
that these receptors are generally slowly-adapting. The finding that the 
same fibres may show discharge to mechanical stimulation of the skin and 
changes in frequency on variation of skin temperature has recently been 
reported by Witt & Hensel (1959). While the latter authors stated that 
some such units showed localized areas of mechanical sensitivity, the 
mechanoreceptive characteristics of these fibres were not described in 
detail. The experiments reported here show that touch units alone, among 
the mechanoreceptors of skin innervated by myelinated fibres, exhibit 
modulation of background discharge by variations in skin temperature. 
Two aspects of the distribution of receptor types in the present sample 
of myelinated fibres are surprising. One is the relative paucity of units 
responding to nociceptive stimulation. As noted in Results (p. 107), the 
unidentified units in the 5 range could possibly have been nociceptive. 
Even including these the relative number would be small. Another 
potential deficit in sampling may be that relatively few of the smallest 6 
fibres might have been isolated and these could have been nociceptive in 
function. -One problem in assessing the adequacy of the sample in the 
1-3 » range is the uncertainty of the factor converting conduction velocity 
to diameter in this range. There are still other difficulties in evaluating - 
what is a nociceptive stimulus. The mechanical stimuli employed may be 
so intense as to be capable of initiating impulses in nerve fibres themselves. 
While the present sample shows nociceptive units confined to the 6 
diameter range, it might be possible to stimulate directly the fibres of 
blocked touch units and so erroneously to conclude they were nociceptive. 
In spite of the reservations expressed above, it seems clear that the bulk 
of the 8 fibres are from hair receptors and that nociceptive units must 


constitute only a small fraction of the 5 group of fibres. 


The reservation expressed as to adequacy of sampling of the smallest 3 


_ fibres may also be applicable to the apparent lack of fibres concerned solely . 


with thermoreception. Maruhashi et al. (1952) reported the isolation of a 
number of fibres in cat cutaneous nerve with directly measured diameters 
of 1-5-3. which showed discharge to cooling the skin but not to mechanical 
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stimulation. Such fibres might not have been detected in the present 
study. From the present results the possibility cannot be excluded that 
myelinated fibres other than those of touch units may convey information 


_ concerning skin temperature. In addition to the myelinated fibres, non- 


myelinated fibres have thermosensitive receptors (Iggo, 1958, 1959; 
Douglas, Ritchie & Straub, 1959). 
The diameter distributions of cutaneous myelinated afferent fibres of 


different receptor types are of importance in evaluating the central effects 


of graded afferent volleys in cutaneous nerves. Hair receptor fibres are 
distributed throughout the « and 6 fibre diameter ranges. Hence volleys 
of increasing size, from those including only a few of the largest to those 
in which the entire population of myelinated fibres is activated, will 
involve increasing numbers of hair units. In contrast, once a volley occupies 
all of the « fibres a further increase in stimulus strength to include 4 fibres 
would be expected to recruit activity in very few additional fibres from 
touch receptors. The considerable overlap in diameters of fibres from 
receptors of various types would make it very difficult to relate reflex 
actions evoked by volleys of graded size to specific receptors. 

One factor of importance in interpreting the effects of natural stimula- 
tion of the skin is the large overlap of receptive fields of hair units. Move- 
ment of hairs in a restricted area of the cat’s skin is certain to activate 
hair receptors of a number of hair units. In contrast, the touch units may 
show little overlap because of the discreteness of their receptive spots. 
With regard to the touch receptor, information as to tactile stimulation 
must often be derived by the central nervous system from an increment 
in discharge superimposed upon a temperature-dependent background 
discharge. This background discharge must also be considered in experi- 
ments in which cutaneous nerves are left intact, for in-such circumstances 
there is an appreciable input into the spinal cord from this source. 

While doubt has been expressed as to the specificity of receptors based 
on the lack of morphological differentiation seen in nerve endings in certain 
areas of skin (Sinclair e¢ al. 1952), it seems clear from the present results 
as well as those of previous studies (Zotterman, 1939; Maruhashi et al. 
1952) that some degree of receptor specialization exists. Thus, cutaneous 
afferent fibres can be isolated which show responses only to particular 
kinds of mechanical stimulation. The fact that touch receptor units display 
a discharge which is dependent on skin temperature as well as showing 
responses to tactile stimulation (Witt & Hensel, 1959; Hunt & McIntyre. 
19606) suggests that the specificity is not as absolute as was generally 


_ considered. However, the lack of such temperature responses in hair 


units indicates a degree of functional differentiation between hair and 
touch receptors. A reasonable view in the light of available evidence would 
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appear to be that some degfee of receptor specificity exists but that possibly 
in some fibres information relating to more than one type of cutaneous 
sensation may be transmitted. 

Evidence as to cutaneous receptors in cat skin must be interpreted with 
caution in relation to the problem of sensory modalities in man. It is quite 


possible that the relative proportions of various receptor types may differ 


considerably between cat and man. In particular, the greater amount of 
hair in an animal such as cat might\be associated with a greater density 
of hair receptors. The large amount of overlap in receptive fields of hair 
units in the cat suggests that localization of a stimulus which activates 
only this type of receptor would require a central mechanism that could 
decipher this information from relative frequencies of discharge in a 
number of fibres. On the other hand, from the standpoint of peripheral! 
organization alone, touch units could signal spatial discrimination in a 
simpler fashion. In view of the recent evidence that receptors of non- 
myelinated fibres also signal touch (Douglas & Ritchie, 1957; Iggo, 1958; 
see also Zotterman, 1939), activity from such receptors must also be 
considered in evaluating peripheral mechanisms of cutaneous tactile 
sensibility. 
SUMMARY 

A study of conduction velocity and discharge pattern of 421 isolated 
myelinated afferent fibres in the sural nerve of cat indicates the following: 

1. Hair receptor fibres were the most numerous, accounting for the 
bulk of the 6 fibres and a large proportion of « fibres. They accounted for 
the largest fibres in the sural nerve. 

2. Receptive fields of hair units have been determined and show a large 


- amount of overlap. Receptive field areas varied widely and there was some 


tendency for the smaller fibres to have larger receptive fields. 

3. Hair receptors were invariably rapidly-adapting and varied in sensi- 
tivity to natural stimulation, the smaller fibres tending to have the more 
sensitive receptors. 

4. Touch receptor fibres (Hunt & McIntyre, 19606) were. essentially 
confined to the « diameter band, the largest being less in diameter than 


. the hair receptor fibres of greatest diameter. 


5. Units responding to pressure greater than that required to activate 
touch receptors were distributed widely. in diameter. Such units showed 
slow adaptation. Some ‘appeared to be located in the skin, others sub- 
cutaneously. 

6. A variety of other receptor types were noted. These included seven 
which were presumably nociceptive, five responding to brief tap of the 
skin, two joint units, and eight in which discharge could not be elicited 
by the stimuli employed. . 
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It has been demonstrated that heating or cooling the cat’s skin can 
elicit a discharge of impulses in slowly-conducting (C) afferent fibres 
(Iggo, 19586, 1959a, b; Douglas, Ritchie & Straub, 1959; Douglas & 
Ritchie, 1959). However, it was not clear whether the C group contained 


in the cat’s tongue (Hensel & Zotterman, 1951a; Dodt & Zotterman, 1952). - 
Most of the C fibre thermoreceptors hitherto found responded only to 
rather extreme heating or cooling (Iggo, 1959a, b) and therefore were 
possibly concerned with pain. They were relatively insensitive to mechanical 
stimulation. There are also numerous C fibres which respond both to mild 
mechanical stimulation and to sudden cooling of the skin (Douglas et al. 
1959; Iggo, 1959a). They have been classified as mechanoreceptors by 
Iggo (1960). 

In the present investigation sensitive specific cold and warm receptors 
with afferent C fibres have been found and their behaviour has been studied 
quantitatively. The opportunity has also been taken to examine quanti- 
tatively the responses of C heat receptors (Iggo, 1959b) and of a few C 
mechanoreceptors to thermal stimulation. A preliminary account of these 
results has been published (Hensel, Iggo & Witt, 1959). 


METHODS 


The cats used were anaesthetized with chloralose (60 mg/kg intramuscular) and urethane 
(250 mg/kg intramuscular). After depilation the leg was fixed by drill pins inserted through 
each end of the tibia. The skin over the saphenous nerve was incised, the nerve was ligated 
proximally and dissected free from connective tissue. The cut edges of the skin were tied to 
a metal ring and the trough formed was filled with liquid paraffin B.P. Fine strands of the 
nerve were dissected on a black Perspex plate and laid on silver electrodes. A pair of stimu- 
lating electrodes was placed under the nerve about 3 cm distal to the recording electrodes 
and an earthed plate was placed between the two pairs of electrodes. The amplified impulses 
in the fine nerve strand were recorded by means of two separate systems, each consisting of 
a cathode-ray oscilloscope and a recording camera. The first system recorded the impulses 
in the usual way with a stationary cathode-ray beam and moving bromide paper (Fig. 1A). 
The expanded sweep of the second oscilloscope was triggered by the square-wave pulse 
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generator used for electrical stimulation of the nerve, and allowed an exact measurement of 
conduction velocity. Photographic récords of the moving beam were taken on slowly moving 
‘ bromide paper (Fig. 1B). In order to test mechanical sensitivity, the skin was stroked or 
pressed with a wooden pin or touched with cotton wool. Calibrated hairs of various stiffness 
were used for more quantitative stimulation. 

Quantitative thermal stimulation was accomplished by a water-circulated thermode of 
2cm diam., which was placed on the receptive field of the afferent fibre. The water was 
supplied by 4 ultra-thermostats set at various constant temperatures (+ 0-02° C). By means 
of a special switch each thermostat could be connected with the thermode, and constant 
temperatures or rapid thermal changes could thus be applied to the skin. The thermode 
allowed thermal changes to be imposed without any alteration in the mechanical stimulus. 
A fine thermocouple was placed on the receptive field and the temperature was recorded 
synchronously with the deflexions of the first oscilloscope with a special recording camera ~ 
(Hensel, 1953). In some experiments thermal radiation was also used for heating the skin. 


Fig. 1. The identification of the active cold fibre in a multi-fibre strand of the 
saphenous nerve. 

A, Spontaneous discharge of a single C cold fibre and effect of electrical stimu- 
lation of the saphenous nerve (fibre No. 1). Arrows mark stimulus artifacts in 
A and 0. B, Record with expanded sweep corresponding to that part of A marked 
by arrow. The first impulse (marked X) is the spontaneous cold fibre discharge, the 
second is from another C fibre excited by electrical stimulation. C, The same dis- 
charge as in A, but with stronger electrical stimulation. There is now a gap in the 
series of impulses. D, Expanded sweep. Both impulses were caused by electrical 
stimulation, the first is identical with the second in the upper record, the second 

_is in the cold fibre. The conduction velocity was 1-1 m/sec. (See text for further 
explanation.) 


RESULTS 
Identification of single C fibres 

This was based on the ‘collision’ technique (Iggo, 1958a), which makes 
it possible to measure conduction velocity in the one active fibre of a 
strand containing other fibres capable of conducting but not active. 
Figure 1 shows a record, taken with two oscilloscopes, of the impulses in 
a thin strand of the saphenous nerve. The steady discharge of a single cold 
fibre (fibre No. 1) in Fig. 1A and C was caused by a constant skin tempera- 
ture of 25°C. During the natural discharge two electric shocks were sent 
into the saphenous nerve. The upper pair of tracings (Fig. 1A and B) 
shows a failure of the electrically produced impulse to interfere with the 
train of impulses from the receptor; the expanded sweep, Fig. 1B, shows 
one of the ascending impulses first (marked X in the figure) followed by an 
impulse in a different fibre caused by the shock to the nerve. 
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The lower pair of tracings shows in Fig. 1C a gap in the train of im- 
pulses. This appears immediately after the shock artifact and was caused 
by collision of the electrically produced antidromic impulse, corresponding 
to Y, with the natural impulse from the receptor. The expanded sweep, 
Fig. 1D, shows two impulses; the first is identical with the second impulse 
in the upper record and the second, Y, is an impulse in the cold fibre 
caused by the shock to the saphenous nerve. The similarity of this impulse 
to the first impulse in the upper tracing is further evidence that the second 
impulse in the lower tracing is in the cold fibre. The time between electrical 
stimulus and recorded impulse was 28 msec and the conduction distance 
was 31 mm, so that the conduction velocity turned out to be 1-1 m/sec. 

In some experiments the slowly conducting fibres were identified only by 
the shape and duration of the C impulse and the typical sound in the 

Receptors excited by cooling the skin 


Several C fibres responded to moderate cooling of the skin with an 
increase in frequency, and to heating with a decrease or complete inhibi- 
tion, of the discharge. Within a certain range of constant temperatures a 
steady discharge was observed. These cold fibres were not excited by the 
mechanical stimuli used. In some examples the size of the receptive field 
was assessed by stimulation with small thermodes. The receptive i 
were not larger than a few square millimetres. 

The impulses in a single C fibre when the skin was cooled are shown in 
Fig. 2. A steady discharge can be seen at the constant initial temperatures 
(Fig. 2C, D, #).. During cooling the impulse frequency rose rapidly, 
reached a maximum within the first second and then declined gradually. 
In the records B-E a slight transient temperature rise of about 1° C just 
before cooling led to a complete inhibition of the steady discharge. 

The discharge frequency of another single C fibre (fibre No. 3) on cooling 
and rewarming the skin is shown in Fig. 3. The initial temperatures 
between 31 and 33:5° C corresponded to an indifferent temperature sensa- 
tion in man. Even very slight cooling from 33 to 32-3° C increased the 
frequency froin 1 to 22 impulses/sec, whereas warming by:about a tenth of 
a degree caused the discharge to stop immediately. The ‘dynamic’ sensi- 
tivity of this cold receptor was 30 impulses/sec. ° C: This means that sudden 
cooling of 1°C would raise the impulse frequency by 30 impulses/sec. 
At indifferent temperatures a discharge was elicited by cooling of only 
0:2°C. This was the final value of the external temperature change; 
the actual cooling when the first impulse was recorded was smaller than 
0-1° C, 

At constant temperatures the cold receptors exhibited a steady dis- 


charge, the frequency being a function of absolute temperature. The steady 
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Fig. 2. Afferent impulses of a single C fibre and skin temperature when cooling the 
skin (fibre No. 1). Conduction velocity 1-1 m/sec. A, Cooling from 29 to 25-5° C; 
B, 29-3-28° C; C, 28-0-26-5° D, 24-5-22-5° O; 22-20-5° C. 
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Fig. 3. Impulse frequency of a single cold fibre when cooling and warming the 
skin (fibre No. 3). he conduction velocity of the fibre was 1-5 m/sec. The left- 
hand temperature scale refers to A, and the right-hand scale to B and C. 
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discharge of the cold fibre No. 3 at constant temperatures between 28:8 — 
and 14-2°C is shown in Fig. 4, and the steady discharge frequency is 
plotted against temperature in Fig. 5. Curve 1 was obtained by lowering 
the constant temperature stepwise from 37 to 14° C, keeping the tempera- 
ture constant for 3 min after each step. Curve 2 was the result of the 
reverse procedure, starting at the lowest temperature. As the two curves 
are not identical it is probable that the adaptation time of 3 min was not 
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Fig. 4. Steady discharge of impulses in the single C fibre shown in Fig. 3 + 
(fibre No. 3) at various constant temperatures of the skin. 


quite sufficient to reach the final value of the steady discharge. The 
maximum frequency was reached at temperatures of 16-5 and 19-5° C, 
respectively. The width of the maximum varies considerably for different 
fibres (Fig. 6). Whereas fibre No. 3 has a well defined maximum, the cold 
fibre No. 1 exhibits practically the same impulse frequency over a tempera- 
ture range of more than 10° C. 


Receptors excited by heating the skin 

C fibres have been found which could be excited by an external warming 
of only 0-3° C. This was the final value of temperature rise, the actual value 
at the first impulse being less than 0-1° C (Fig. 7A). Cooling by the same 
amount (Fig. 7B) inhibited the discharge completely. Most of these warm 
fibres were not excited by the mechanical stimuli used; one fibre had a 
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mechanical threshold of 2g when touching the receptive field with a 
von Frey hair. There was no reaction of the warm fibres on sudden cooling 
from 30-33° C to low temperatures (10° C). 


4 


impulse frequency (imp./sec) 


Temperature (° C) 
Fig. 5. Steady discharge frequency of a single C fibre (fibre No. 3), excited by 
cooling, at various constant temperatures. 1, Starting from high temperatures; 
2, starting from low temperatures. : 
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Fig. 6. Steady discharge frequency of three different single C fibres as a function 
of constant skin temperature. 1, Fibre excited by warming, fibre No. 8;.2, fibre 
excited by cooling, fibre No. 1; 3, fibre excited by cooling, fibre No. 3. 


The frequency of discharge in a single warm fibre during various tempera- 
ture changes, starting from indifferent initial temperatures between 31 
and 33-5° C, is shown in Fig. 8. At a constant temperature of 40° C (last 
curve) a steady discharge is seen. Slight cooling of a few tenths of a degree 
stopped the discharge; slight warming by the same amount made the 
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discharge reappear. The dynamic sensitivity of this warm receptor was 
+33 impulses/sec.° C, which is of the same order as that of the © cold 
receptor. The maximum frequency of discharge and the time course of 
adaptation was also similar to that of the cold fibres (cf. Fig. 3). 
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Fig. 7. Afferent impulses recorded in a single warm fibre (fibre No. 7) and the 
skin temperature, during slight warming and cooling of the skin. 
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Fig. 8. Frequency of the discharge of impulses in a single C fibre (fibre No. 7), from 
a warm receptor, during cutaneous temperature changes. The left-hand penpernines 
scale applies to A, B and C and the right-hand scale to D. © 


The warm fibre with the highest sensitivity exhibited a steady discharge 
at constant temperatures between 38-5 and 43°C. It fired a regular 
sequence of impulses, and showed a very sharp maximum at 41-2° C 
(Fig. 6, curve 1). 

- A number of non-myelinated fibres were found which could only be 
excited by heating the skin from indifferent temperatures (30-33° C) to 
more than 37°C. These probably correspond to the C heat receptors 
described by Iggo (19590). In some cases, only a slow phasic discharge 
occurred during the temperature rise ; other fibres also fired at high constant 
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temperatures, some with periodical bursts of impulses. One fibre with a 
high maximum frequency of 80 impulses/sec was silent at temperatures 
above 58° C; the inhibition was reversible. No other fibres were tested at _ 
these high cutaneous temperatures. 

In order to prevent damage of the skin by the high temperatures, the 
thermal stimuli were maintained for not longer than about 30 sec. Under 
these conditions the threshold temperatures for a steady discharge of at 
least 30 sec duration varied from 38-5 to above 48° C in various fibres. 
Since the constant temperatures were maintained only for a short period 
of time, the values obtained may possibly not represent the true thresholds 
for the steady discharge. 

Two of these less sensitive warm fibres were excited by the mechanical 
stimuli used. One fibre reacted to pressing the finger against the skin with 
a maximum discharge of 35 impulses/sec; on heating, the same fibre 
reached a maximum frequency of 44 impulses/sec. 

Some features of 18 non-myelinated cold and heat fibres are summarized 
in Table 1. The temperature ranges for the steady discharge of the warm 
fibres 8 to 18 may not be correct, because the adaptation time was only 
30 sec. 

Receptors excited by mechanical stimulation 

Cutaneous mechanoreceptors with afferent C fibres are more easily 
found than thermoreceptors, since the number of mechanosensitive nerve _ 
endings seems to exceed that of thermoreceptors. The sensitivity of these 
C mechanoreceptors varies within a wide range (Iggo, 1960). The threshold 
of the most sensitive units (hair 20 mg) was similar to that of the most. 
sensitive A mechanoreceptors in the cat’s skin (Witt & Hensel, 1959). 
A typical feature of the C mechanoreceptors was a marked after-discharge, 
as described first by Zotterman (1939). This phenomenon was never 
observed in the A fibres. | | | 

In the present investigation impulses of mechanosensitive C fibres have 
not been studied systematically. We have confirmed previous findings 
(Iggo, 1959a, 6, 1960), that C mechanoreceptors were excited by cooling 
_ the skin. In our occasional observations the maximum frequencies of three 
different C fibres amounted to only 17, 11 and 5 impulses/sec on sudden 
severe cooling from 32 to 8° C, whereas mechanical stimulation caused a 
discharge frequency as high as 100 impulses/sec. The lowest threshold for 
a phasic discharge of a C mechanoreceptor was cooling by 2° C. The 
discharge of two C fibres is shown in Fig. 9; one Was excited by heating the 
skin (a warm fibre) and the other (spikes downward) reacting to light 
mechanical vibration of the thermode due to turbulence caused by switch- 
ing on the hot and cold water supply. The latter fibre was excited briefly 
during cooling of the skin, whereas the warm fibre was not. 
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TABLE of single thermosensitive C fibres 


Threshold 
temp. | — 
nse change 
Con- to thermal (°C) Temp. for steady emu 
duction stimulationt Max. — . discharge (° C) 
Fibre velocity — frequency tem atimu- 
no. (m/sec) Cooling Warming (imp./sec) ca. 30° C) Lowest Highest lationt 
1-1 + 38 <—1 (z) 14 26 
(> 30) 
2 + 45 < —4 < 28 
3 1-5 + _ 55 — 0-2 < 6-5 41 
5 0-6 + _ 40 ; 5 32 
6 C 55 +03 > 36 Threshold 
2 
7 65 38-5 43 
8 + 39 (xx) > 48 : 
9 + 42 45 ‘ 
10 C - + 80§ 41 41 57 
1] + 60 ; ca. 40 ‘ 
12 + 44 44 46 
\ pressure 
13 + : 41 ; 
14. + 50§ 37 38-5 ‘ 
15 0-85 + 43 
threshold 
16 + < 47 > 48 0 
17 C — + 38§ 38 42 
18 ~ + 38-5 


(xz) The final values of the external temperature change are given. 

(xa) For fibres 8-18 the absolute values of the final temperature are given. 

* C indicates that the conduction velocity was less than 2 m/sec, but was not measured 
accurately. 

+t +, Excitation; ~, inhibition. The effect depended on the initial temperature; when 
this was in the range where the fibre was excited then the activity was inhibited, otherwise 
, there was no response, { 0 = no response. § Bursts. 
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Fig. 9. Afferent impulses of two C fibres and the skin temperature when heating and 
cooling the skin. Arrows mark the slight mechanical vibration of the thermode | 
caused by changing the water flow. There are two active fibres in this strand. The 
diphasic impulses are from a unit excited by heating the skin. This unit was not 
excited by the light mechanical stimuli which excited the other fibre. This latter 
fibre was excited by suddenly cooling the skin. 


DISCUSSION 


The old and controversial problem of ‘specificity’ of cutaneous sensory 
mechanisms has been carried to a new stage by recent electrophysiological 
and histological investigations. It should be kept in mind that the concept 
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of ‘specific’ sensory fibres or receptors has two quite different aspects: 
(1) the specific sensation aroused by stimulation of a receptor (‘specific 
energy’ in the sense of Miiller (1844) and (2) the response of a receptor to a 
specific stimulus. Of course, only the second problem can be adequately 
solved by animal experiments, and even then it remains uncertain whether 
the results can be properly applied to man. Since certain cutaneous and 
other receptors in the cat respond to both mechanical and thermal stimu- 
lation (Hensel & Zotterman, 1951b; Hensel, 1952; Witt & Hensel, 1959; 
Iggo, 19594, b, 1960; Douglas & Ritchie, 1959; Lele & Weddell, 1959), the 
classification of cutaneous receptors as ‘mechanoreceptors’ or ‘thermo- 
receptors’ may seem to be arbitrary. However, quantitative measurements 
of the sensitivity of some individual receptors to both kinds of stimuli 
have revealed systematic differences. Qualitative experiments alone are not 
sufficient and may sometimes be misleading. Until the properties of an 
individual unit have been examined quantitatively it would perhaps be 
better not to use the terms ‘specific’ and ‘non-specific’ and it would — 
certainly be premature to argue about peripheral ‘specificity’. At the 
least it is necessary to define exactly the properties of the ‘specific’ receptor 
being dealt with. For the cold (warm) receptors the following definition is 
proposed with respect to the discharge in the afferent fibre: (1) Frequency 
rise (fall) on sudden cooling, (2) no response on sudden warming (cooling), 
if the fibre is silent, or an inhibition of a resting discharge, (3) a steady 
discharge dependent on temperature, (4) no response to non-painful 
mechanical! stimulation (or at least a considerably higher threshold than 
the most sensitive mechanoreceptors, cf. Fig. 7, Iggo, 1960), (5) thermal 
sensitivity comparable with temperature sense in man. 

The results described in this paper demonstrate clearly the existence of 
cutaneous sensory C fibres whose endings are sensitive either to warming 
or to cooling, whereas they are not excited by mild or non-painful mechani- 
cal stimulation. Unlike the heat and cold fibres described by Iggo (1959b), © 

which may be concerned with pain, several C fibres found in the present 
investigation were stimulated by temperatures which in man cause no 
pain at all. The thresholds of these cold and warm receptors, amounting to 
only a few tenths of a degree from an indifferent temperature (30-33° C), 
correspond well with the thresholds of cutaneous cold and warm sensation 
in man (Hensel, 1952). On our proposed definition they are thermo- 
receptors. 

The general behaviour of the cutaneous C thermoreceptors is comparable 
with that of the thermoreceptors in the cat’s tongue. The values for the 
dynamic and static responses of the non-myelinated cold and warm fibres 
(Table 2) are of the same order as those found for the specific cold receptors 
in the tongue (Hensel & Zotterman, 1951a). However, there are some dif- 
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ferences between the C thermoreceptors in the skin and the thermoreceptors 
in the tongue. The lingual nerve of the cat apparently contains no C fibres 
sensitive to mild thermal stimuli (Zotterman, personal communication); 
in this nerve there are A fibres sensitive to gentle warming or cooling. The 
cutaneous warm receptors with C fibres are more sensitive than the lingual 
warm fibres and show no paradoxical discharge (Dodt & Zotterman, 1952) 
during cooling. Further, the C cold fibres from the skin seem to be active 
at lower constant temperatures and to have a maximum discharge at a 
lower temperature than the cold fibres in the tongue. 


TaBLE 2, Maximum sensitivity (impulses/sec.° C) of single 
temperature fibres in the cat 


Cutaneous Cutaneous Lingual 


warm cold cold 
receptor receptor receptor | 
with with with 
C fibre. Cfibre A fibre* 
Dynamic sensitivity +33 —30 — 30 
Static aware range + 8 + 3 ee 
sensitivity | Negative range 07 — 25 


* From Hensel & Zotterman (1951a). 


A number of A fibres which responded to thermal as well as light 
mechanical stimulation were found by Witt & Hensel (1959) in the 
saphenous nerve of the cat. No fibres were detected in the A group which » 
were stimulated by temperature alone. These findings support the view 
that cutaneous temperature impulses in the cat may be carried mainly in 
non-myelinated fibres. We do not know the cat’s temperature sensation, 
but the existence of thermal receptors is indicated by vasomotor reflexes 
in the ear to moderate heating or cooling of the legs in the unanaesthetized 
cat. These reactions were not caused by changes in blood temperature, 
which were actually the reverse of those necessary to give the observed 
changes in ear blood flow. The recorded hypothalamic and rectal tempera- 
tures rose during cooling and fell during heating of the extremities 
(Kundt, Briick & Hensel, 1957). 

There are several reports dealing with the excitation of cutaneous fibres 
by both mild mechanical stimuli and cooling. Some cutaneous A fibres 
(Witt & Hensel, 1959) and C fibres (Douglas et al. 1959; Iggo, 19594, 1960; 
this paper) in the cat are excited by non-injurious pressure and by cooling. 
The A fibres sometimes gave a steady discharge with constant tempera- 
tures whereas the C fibres were excited only when the cutaneous tempera- 
ture was falling. The results have been interpreted in different ways. Iggo 
(1960) has suggested that the C fibres innervate mechanoreceptors which, 
in common with other mechanoreceptors, are excited by cooling. Douglas 
et al. (1959) consider that the response may indicate dual specificity of the 
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endings. The present results, which show clearly that there are cutaneous 
C thermoreceptors which are much more sensitive to thermal changes than 
the C mechanoreceptors, provide a more convincing explanation for 
cutaneous thermosensitive mechanisms. If the A and C fibres described 
do indeed innervate mechanoreceptors, the results may account for the 
old observation (Weber’s illusion, 1846) that weights feel heavier when they 
are cold (Hensel & Zotterman, 19516; Douglas et al. 1959; Witt & Hensel, 
1959). 
In the last few years, in what has aptly been referred to as ‘the tide of 
recent work’, the classical doctrine of specific cutaneous receptors has been 
severely attacked on the basis of new histological findings and physio- 
— logical investigations (Hagen, Knoche, Sinclair & Weddell, 1953; Weddell, 
Palmer & Pallie, 1955; Sinclair, 1955; Lele & Weddell, 1956, 1959; Oppen- 
heimer, Palmer & Weddell, 1958; Weddell, Palmer & Taylor, 1959). 
Weddell e¢ al. (1955) confirmed the original observation of Adrian (1931) _ 
that touching hairs sets up impulses in rapidly-conducting cutaneous fibres. | 
Thermal stimuli failed to do so. Since the hair follicles have a distinctive 
innervation by large nerve fibres, Weddell (1960) now considers that their — 
nerve endings may be specifically excited by light mechanical stimuli. To 
this extent he thus revives von Frey’s (1895) suggestion that different 
qualities of cutaneous sensation are served by distinct histological 
structures. The other major type of afferent innervation of hairy skin is | 
the diffuse arborization of ‘free’ nerve endings (Weddell et al. 1959). These 
presumably serve the other modalities (Weddell, 1960) even though there 
are apparently no histological differences to be seen among them. How- 
ever, as Sinclair (1955) admits, it remains possible that specialized endings. 
exist, but that the differences are too subtle to be revealed by present 
histological methods. This latter view is supported by the present work on 
C fibres innervating receptors in hairy skin and by recent investigations on 
the neurohistology of the cat’s tongue, where Kantner (1957) has found only 
a network of ‘free’ nerve endings, although specific mechanoreceptors and 
thermoreceptors are present in the area. On the other hand there are 
reports of cutaneous nerve endings which, it is claimed, are not highly 
specific. In some regions, such as the cornea (Lele & Weddell, 1959) the 
non-specific fibres are thought to predominate. These conclusions rely on 
_ experiments with multi-fibre techniques for recording from the cutaneous 
nerves. Such techniques give results ilk one notoriously difficult to 
interpret. In addition, an important assumption in Lele & Weddell’s 
argument appears to be that specific thermoreceptors are absent from the 
cornea. The present work makes this assumption less convincing. Lele & 
Weddell may have missed the thermoreceptors because the afferent fibres 
_ were non-myelinated. They recorded impulses in the myelinated fibres only. 
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SUMMARY 
1. Impulses in slowly-conducting (C) afferent fibres were recorded in 
fine strands dissected from the saphenous nerves of cats anaesthetized with 
chloralose. The conduction velocities in some of the fibres ranged from 
0:6 to 1-5 m/sec. 3 
2. In response to well defined thermal stimuli the fibres responded 
either to warming or to cooling of the skin. The thresholds for mechanical 
stimulation were high. | 
3. Changes in skin temperature of 0-2° C or less were sufficient to excite 
_ the most sensitive cold and warm fibres. 
4. The dynamic sensitivity of some fibres was 30 impulses/sec.° C, 
which is as great as both the sensitivity of the most sensitive cold fibres in 
the cat’s tongue and the temperature sense in man. | 
5. Constant temperatures led to a steady discharge of impulses, with a 
maximum between 16 and 27° C for the cold fibres and above 41° C for 
the warm fibres. : 


The participation of A. I. in the experiments described in this paper was made possible by 
a grant from the ‘Deutsche Forschung inschaft’. 
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Note added in proof 


I. Iriuchijima & Y. Zotterman (Acta physiol. scand., in the te have 
also recorded from cutaneous thermal fibres similar to those described in 
this paper. 
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THE ABSENCE OF POSITION SENSE IN THE HUMAN EYE 
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It has been widely held (e.g. Sherrington, 1918; Hoffmann, 1934, p. 28) 
that we have a sense of position of the eyeball which depends on afferent 
nerve fibres from the extraocular muscles. However, the experiments of 
Helmholtz (1867) indicate that such a position sense, if it exists, is not 
used to correct visual impressions when the eye is passively displaced. The 
following experiments, done on four subjects, show that the eye has no 

| EXPERIMENTS 

Passive deviation of one eye causes no sensation. One conjunctival sac 
was anaesthetized with cocaine. With the subject lying supine, an opaque 
aluminium shell, shaped to fit the eye, was placed so that it occluded the 
whole of the cornea and a surrounding ring of sclera about 2 mm in width. 
The insertion of the lateral or medial rectus muscle was seized through the 
conjunctiva with fine-toothed forceps, and the eye passively abducted 
or adducted by amounts corresponding to up to 40° of visual angle, the 
other (unanaesthetized) eye remaining closed or covered by the subject’s 
hand. The subject was found to be entirely unaware of the direction of 
any passive movement and, if care was taken to avoid accidental distur- 
bance of the eyelids, he was unaware that it had. been made, even for 
sudden movements of several tens of degrees. 

Passive deviation of one eye causes no substantial reflex movement of the 
other. If during a passive movement of the occluded eye the other eye 
was kept open, the subject saw no apparent movement of things around 
him. This strongly suggests that passive deviation of one eye does not 
refiesly cause movement of the other, since sudden movements of the 
whole retinal image through as little as 5’ are easily detected. There is, 
however, the alternative possibility that reflex eye movements occur, but 
that the brain compensates for the resulting movement of the retinal 
image, so that it is not detected; such compensation would be analogous 
to wnat which is well known to occur during voluntary eye move- 
ments, but much more complete. Evidence to which this objection does 
not apply comes from the following experiment, which was suggested by 
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Mr R. L. Gregory, who also kindly lent us his fixation lantern. The subject 
lay in darkness except for a small red fixation light surrounded by a faint 
blue halo which subtended 1° at his eye. As long as the red light was 
accurately fixated, the halo was invisible, since it fell wholly on the fovea, 
which is relatively inséMgitive to blue light; but movement through 30’ 
sufficed to make it easily seen. One eye was anaesthetized and its cornea 
occluded. Passive movements of this eye while the other eye fixated the 
red light were found not to make the halo visible. We conclude that 
passive movement of one eye through as much as 40° certainly causes no 
reflex movements of the other exceeding 30’, and probably (on evidence 
of the lack of apparent movement of things seen) causes none exceeding 5’. 

Simultaneous passive movements of both eyes. William James (1890) 
objected to certain observations on unilateral ocular palsies adduced by 
Helmholtz, on the grounds that no account was taken of sensory informa- 
tion from the sound eye. This objection was adopted by Sherrington (1900), 
and the later answer of Jackson & Paton (1909) apparently escaped 
notice. To forestall possible criticism of the present experiments on 
the same lines, both conjunctival sacs were anaesthetized, both corneae 
occluded with opaque shells, and both eyes passively deviated in the 
same direction at the same time. The subject was found to be unaware of 
deviations of up to 30° to right or left from the mid position. 

Active movements. With both corneae occluded, the subject was asked 
to deviate the eyes to right or left. During some of these attempted move- 
ments the eyes were allowed to move freely through 30° or more. During 
others both eyes were held firmly with forceps, and could move through 
no more than about 5°. An assistant held the lids of both eyes widely open, 
both to prevent sensory clues from deformation of skin by the corneal 
caps when they moved, and to avoid displacement of the caps at extreme 
deviations. With satisfactory anaesthesia of the conjunctiva, it was found 
that the subject could not tell whether the eyes were held or not; he 
regularly had the impression that he succeeded in moving them through 
a large angle. | 

Subsidiary observations. In one subject both eyes (without caps on the | 
corneae) were held with forceps while he attempted to deviate the eyes 
actively. Apparent: movements of external objects in the direction of the 
attempted movement were seen. The subject thus interprets his visual 
impressions as if he had succeeded in moving his eyes. Similar observations 
were made by Mach (1886, p. 57), who restrained movements of his eyes 
to the right with ‘two large lumps of moderately hard putty firmly 
pressed against the right side of each eye-ball’, and by Kornmiiller (1931), 
who paralysed the four rectus muscles of one eye by injecting novocaine 
into them. One of us (P.A.M.) performed a related experiment. He 
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received intravenously a dose of curare sufficient to cause weakness but 
not paralysis of his eye muscles. On voluntary deviation of the eyes he 


observed apparent movements of external objects in the direction of the 
deviation. 3 


DISCUSSION 


We find that, when the conjunctival sacs are anaesthetized and visual 
clues excluded, subjects know neither the amount nor the direction of 
any deviation of their eyes unless that deviation has been produced by 
the unhindered action of their own eye muscles. The errors that they make 
when the muscles are prevented from moving the eyes are just those that 
would be expected on Helmholtz’s view that non-visual knowledge of the 
position of the eyes depends exclusively on judgement of the effort of will 
employed in attempting to move the eyes. They are very difficult to 
reconcile with the view that it depends on any known sense organs, 
especially muscle spindles, although muscle spindles are known to be 
present in the eye muscles of man (Buzzard, 1908; Cooper & Daniel, 1949) 
as in those of other primates (Tozer & Sherrington, 1910, at p. 451; 
Cooper & Daniel, 1949). Possible functions for muscle spindles are dis- 
cussed by Hammond, Merton & Sutton (1956). 

Meaning of the term ‘position sense’. We use the term ‘position sense’ 
with the meaning that has long been customary in clinical neurology: 
a part of the body is said to have position sense if the subject knows its 
relation to the rest of the body by information derived from mechanically 
stimulated sense organs in it or anatomically connected to it. Thus the 
knowledge of the relation of his eyes to his head which a subject can gain 
by seeing his nose or moustache (Mach, 1886, p. 14) is not deemed to show 
that he has position sense in the eye, just as a tabetic patient is not said 
to have position sense in his toes if he can recognize their relation to his 
feet only by looking at them. | 

Influence of anaesthesia of the conjunctival sac. Though in our experiments - 
the conjunctival sac was always anaesthetized, it is unlikely that this 
anaesthesia inactivated receptors which in the normal use of the eyes give 
much information about their relation to the head, for the accuracy with 
which subjects whose eye muscles are acting without hindrance can judge 
or reproduce positions of their eyes is not impaired by anaesthetizing the 
conjunctival sac (Merton, 1960). 

SUMMARY 

1. Subjects cannot detect passive movements of one eye or of both 
together if their conjunctival sacs are anaesthetized and visual clues 
excluded. 
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2. Under the same conditions they cannot tell whether attempts to 
move the eyes actively are successful or are mechanically prevented. 
3. Passive movement of one eye causes no detectable reflex movement 
of the other. 
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After prolonged treatment with insulin, guinea-pigs and some other 
animals are known to yield sera which will abolish the hypoglycaemic 
effects of insulin injected simultaneously into mice (Moloney & Coval, 
1955; Arquilla & Stavitsky, 1956; Moloney & Goldsmith, 1957; Moloney & 
Aprile, 1959), and the stimulant action of the hormone upon glucose 
consumption by the isolated rat diaphragm (Wright, 1959a). These effects 
are thought to be due to the presence of insulin antibodies which combine 
with the hormone and so prevent its action. The antibodies may also 
neutralize the effects of endogenously secreted insulin, for such serum is 
known ta induce hyperglycaemia in mice (Moloney & Coval, 1955; 
Moloney & Goldsmith, 1957). The observations now reported strongly 
suggest that the serum of insulin-treated guinea-pigs will neutralize the 
effects of endogenously secreted insulin in the rabbit, rat and cat, but not 
in the guinea-pig itself; a preliminary account has been published (Wright, 
19590). 


METHODS ‘ 


Production of anti-insulin serum. Recrystallized bovine insulin (10 mg, 22-2 u. ay, 
Boots Pure Drug Co. Ltd.) dissolved in 10 ml. aqueous phenol 0-3 % (w/v) acidified with 
HCl to pH 2-6 approx., was mixed with liquid paraffin B.P. 7 ml. and anhydrous lanolin 
(adeps lanae B.P.) 3 ml. and the mixture emulsified in a Waring blender. 

Groups of 5-8 albino guinea-pigs were injected subcutaneously at monthly intervals 
with 2 ml, of this thick emulsion, 1 ml. being injected between the shoulders and 0-5 ml. 
into the inner aspect‘of each thigh. Two weeks after the third and each subsequent monthly 
injection of antigen about 10 ml. of blood was withdrawn from each animal under light 
ether anaesthesia by cardiac puncture. The serum specimens from animals in each group 
were pooled and kept frozen (— 10° C) until required; pooled sera from different groups of 
animals were kept separate. 

No hypoglycaemic reactions were observed at any time after the injections of insulin 
antigen. Most animals remained in good health for periods of 6-17 months. The majority 
of deaths occurred immediately after cardiac puncture and were due to haemorrhage-4@®D 
the pericardial or pleural cavities; a few animals became thin and died for no apparent 
reason. 

In the following description, serum obtained in this way is termed anti-insulin serum. 
Serum from guinea-pigs treated for 3 months under similar condittons with the same 
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emulsion, but containing no added insulin, is termed control serum. N peru untreated 
guinea-pigs were used to obtain normal serum. 

' Experimental animals. Serum was injected intravascularly in single doses into conscious 
rats and rabbits and into anaesthetized rats, rabbits, a guinea-pig and a cat; Professor 
J. M. Robson of the Pharmacology Department of this school carried out the experiment 
on the cat. All these animals were fed on standard diets. When necessary, food, but not 
water, was withdrawn 2448 hr beforehand. 

The rats, each weighing 200-300 g, were albino animals of a Wistar strain originally 
supplied. by the Chester Beatty Research Institute and bred at this school. The rabbits, 
with half to three-quarter lop ears, usually weighed 2-3 kg. One ear was deprived of its 
sympathetic nerves by excising the ipsilateral superior cervical and stellate ganglia at least 
1 week beforehand; the vessels of such denervated ears provide a sensitive indicator for 
the presenge of vasoconstrictor substances in the blood stream. Adrenalectomy of the rabbit 
was performed by a one-stage operation, the animal being subsequently maintained in 
good health by injections of cortisone or DOCA (deoxycortone acetate B.P.) (Armin & 
Grant, 1959). 

Anaesthesia was induced with pentobarbitone sodium (30 mg/kg = 0-5 ml./kg veterinary 
Nembutal; Abbott Laboratories Ltd.) and maintained by smaller doses repeated as required. 
Local procaine 2% (w/v) anaesthesia was also used during the introduction of catheters. 
For intravascular catheterization of the rat and guinea-pig, fine polythene tubing (internal 
diameter 0-011 mm; size PE 10; Clay Adams Co. Inc., New York) was used; larger tubing 
(internal diameter 0-023 mm; size PE 50) was preferred for the rabbit and cat. Such catheters 
were usually inserted into the femoral artery or vein; in the conscious rabbit into the marginal 
vein or centra] artery of the ear. Patency was maintained by the slow infusion of NaCl 
solution 0-9 % (w/v) from a perfusion pump. A Perspex three-way tap (Armin & Grant, 
1953) inserted in the length of the catheter allowed the injection of serum, withdrawal of 
‘blood samples and measurement of blood pressure by capacitance or mercury manometer. 
In the rabbit the temperature of the sympathectomized ear was measured by thermocouple. 

Conscious rabbits were restrained in the box already described (Armin & Grant, 1957). 
In conscious rats, serum in doses of up to 1 ml. was injected into a tail vein by a technique 
similar to that described by Lazarow & Palay (1946). To keep the tail veins dilated the rats 
were kept in a warm cage, and just before injection the tails were immersed in warm water 
(40—50° C). Blood samples were obtained from the severed end of the rat’s tail and collected 
on watch-glasses containing dried anticoagulant solution (1 drop 3-0 % potassium oxalate 
and 1 drop 0:3 % potassium fluoride), For serum injection and blood sampling conscious 
rats were restrained in boxes from which the tail protruded. The blood sugar concentration 


was determined on 0-2 ml. samples by a modification (Wright, old of the method described 
by King (1951). 


RESULTS 
Hyperglycaemia induced by anti-insulin serum 
The anti-insulin serum injected into rats, rabbits and the cat provoked 
a transient hyperglycaemia in each instance, but in the guinea-pig did not 
alter the blood-sugar concentration. No significant change in blood-sugar 
concentration followed the injection of normal or control serum into any 
of these animals. 

Guinea-pig. Into one anaesthetized sand 1-ml. normal serum was 
injected by way of the femoral artery, and this was followed half an hour 
later by 1 ml, anti-insulin serum (batch X). No appreciable change in 
blood-sugar concentration. was found in samples drawn. at 5 min intervals 
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from the time of the normal serum injection up to 30 min after injection 
of the anti-insulin serum. | 

‘Cat. The intra-arterial injection of 3 ml. normal serum into the anaes- 
thetized cat quickly provoked a strong but transient reaction (presumably 
due to the foreign protein), shown by sneezing, coughing, dyspnoea and 
cyanosis, together with a sharp rise of blood pressure and heart rate: 


| Arterial blood-sugar concn. 


(mg/100 mi.) 
200 F 

Heart rate (beats/min) 


4 - 
B.P. (mm Hg) 

i i 

90 120 150 
Minutes 


Fig. 1. Cat, 3 kg, anaesthetized. Records of arterial blood-sugar concentration, 
mean arterial blood pressure and heart rate. before and after intra-arterial 
(femoral) injection at A of normal guinea-pig serum (3 ml.) and at B of anti- 
insulin serum (3 ml.; batch X). 


a similar reaction followed the injection 35 min later of 3 ml. anti-insulin 
serum (batch X). As Fig. 1 shows, however, no significant change in 
blood-sugar concentration followed the first injection, whereas followihg 
injection of the anti-insulin serum the level rose steeply to a maximum of 
about 250 mg/100 ml. in 45 min and was still high (230 mg/100 ml.) when 
the experiment was ended after 2 hr. 

Rabbit. The intravascular injection of normal or anti-insulin serum in 
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doses of 1 ml./kg body weight into conscious or anaesthetized animals 
provoked no obvious reaction. Mean blood pressure and heart rate 
remained unchanged, the temperature of the sympathectomized ear did 
not fall and the ear vessels remained dilated. No appreciable rise in blood- 
sugar concentration followed injections of normal serum but anti-insulin 
serum evoked a conspicuous increase, detectable within 5 min. In five 
rabbits the blood sugar concentrations rose initially at rates ranging from 
2-4 to 3-7 mg/100 ml./min (mean 3-04) and reached maxima of 200- 
* 300 mg/100 ml.; hyperglycaemia persisted for 3-5 hr. Figures 2 and 3 
illustrate these results. Bilateral adrenalectomy with subsequent main- 
tenance on cortisone or DOCA did not significantly alter the degree or 
duration of the response to anti-insulin serum injection. 


Arterial blood-sugar 
concn. (mg/100 ml.) 
8 


i i i i 


0 1 2 3 4 5 6 
Hours 
Fig. 2. Rabbit, 2:5kg, fed, anaesthetized. Records of arterial blood-sugar 
concentration, mean arterial blood pressure and heart rate before and after 
intra-arterial (femoral) injection at A of 2-5 ml. guinea-pig anti-insulin serum 
(batch X). 


When the injection of anti-insulin serum was repeated once or more at 
intervals of about a week, a strong foreign-protein reaction was provoked 
in both normal and adrenalectomized rabbits, whether conscious or | 
anaesthetized. During this reaction, which lasted about half an hour, 
mean blood pressure and heart rate rose, the temperature of the sympa- 
thectomized ear fell and it® vessels became constricted; the conscious 
animal became slightly restless and sneezed. The hyperglycaemic response, 
_ however, was similar to that of the normal animal receiving its first dose 
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(see Fig. 3). In one instance (Fig. 4), the fourth such dose of anti-insulin — 
serum was preceded by an injection of normal serum. This normal serum 
provoked a strong foreign-protein reaction, including vasoconstriction in 
the sympathectomized ear, but only a slight transient increase in blood- 
sugar concentration. Anti-insulin serum injected half an hour later caused 


no such general reaction, but more than doubled the blood-sugar 


concentration. 
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Venous blood-sugar concn. (mg/100 ml.) 


Fig. 3. Rabbit, 2-7 kg, fed, conscious; ear sympathectomized 2 months before 
first observations. Records of venous blood-sugar concentration (left-hand 
ordinate), and sympathectomized ear temperature (thermal junction, right-hand 
ordinate) before and after intravenous (marginal ear) injection at O of guinea-pig 
anti-insulin serum (1 ml./kg; batch X). Curves A show responses to Ist dose 
(2-7 ml.) and curves B show responses to 5th dose (2-8 ml.) 42 days later. 


Rat. Normal, control and anti-insulin sera provoked no obvious foreign- 
protein reactions. No change in arterial blood pressure, pulse or respiration 
rates followed injection of control or anti-insulin serum (0-5 ml.) into an 
anaesthetized normal animal. Following normal or control serum. the 
blood-sugar concentration fluctuated slightly and irregularly about the 
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pre-injection level, but showed no sustained change. Thus the maximum 
blood-sugar concentration observed in normal, fed, conscious rats after 
injection with control serum (four rats) or normal serum (three rats) was 
no more than 28 mg/100 ml. abpve the pre-injection level. 


Ear temp. (°C) 
gar concn. (mg/100 ml.) 


Venous blood-su 


0 4 2 3 
Hours 


Fig. 4. Rabbit (same as in Fig. 3). Records of venous blood sugar concentration 
and sympathectomized ear temperature before and after intravenous (marginal 
ear) injection at A of normal guinea-pig serum (1 ml./kg) and at B of fourth dose of 
anti-insulin serum (1 ml./kg; batch X), 33, 19 and 5 days after Ist, 2nd and 3rd doses 
respectively of the anti-insulin serum. 


Intravascular injection of anti-insulin serum (0-25-1-0 ml.) caused a 
marked but transient hyperglycaemia which was of about the same degree 
in both anaesthetized and conscious fed animals, either male or female. 
_ As Fig. 5 shows, after equal doses of anti-insulin serum the degree and 
duration of hyperglycaemia varied considerably in different animals though 
the initial rates of increase and subsequent maximum rates of fall in 
blood-sugar concentration were about the same. In eleven such experi- 
ments in which forty-four conscious, fed rats (180-220 g) were injected 
intravenously in groups of four with differing doses of six batches of anti- 
insulin serum, the mean rates of increase in blood-sugar concentration 
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during the first, second and third 15 min (3-31 + 0-13; 3- -12+ 0-20; 3:13 + 
0-17, mg/100 ml./min, respectively) were not significantly different from 
one another or from the mean rate measured over the whole period, 
namely 3-16 + 0:11 mg/100 ml./min. Calculated from the maximum falls 
subsequently noted in 15 min in each of these animals, the mean maximum 
rate of fall in blood-sugar concentration (5-36 + 0-24 mg/100 ml./min) twas 
significantly greater (P < 0-01). In some animals a secondary rise in 
blood-sugar concentration occurred before or sometimes after the pre- 
injection level was — 


200 F 


Change in blood-sugar concn. (mg/100 ml.) 


Hours after serum injection 


Fig. 5. Rats, female, conscious, fed. Changes in blood-sugar concentration in 
_ four animals (195-204 g) following injection into the tail veins of guinea-pig 
anti-insulin serum (1 ml.; batch Y). 


Increasing doses of injected anti-insulin serum prolonged the period of 
hyperglycaemia and raised the maximum blood-sugar concentration 
induced, Figure 6 exemplifies the effects produced by three doses of one 
batch of anti-insulin serum in three groups each of four fed and conscious 
rats. The mean blood-sugar concentrations rose and subsequently fell at 


_ the same rates in each group but the maximum levels reached, and hence 


the periods of hyperglycaemia, increased with the-dose injected. 

A period of fasting before injecting anti-insulin serum reduces the Reais 
but increases the duration of hyperglycaemia. Figure 7 shows the effect 
of fasting upon the response of female rats from the same litters to a dose 


_ of anti-insulin serum; male rats responded in the same way. In three 
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groups each of eight rats (four male and four female) the mean rate of 
rise in blood-sugar concentration in the first 45 min was significantly less 
(P <-0-01) in the group starved for 24 hr (1:38 + 0-08 mg/100 ml./min) 
than in the fed animals (3-22 + 0-15 mg/100 ml./min); in the group starved 
for 48 hr (1:76 + 0-15 mg/100 ml./min) it was slightly greater (P < 0-05) 
than that in the group starved for 24 hr. 


3 

e* 


1-00 mi. 


Mean change in blood-sugar concn. (mg/100 mi.) 


3 4 
Hours after serum injection 2 
Fig. 6. Rats, female, conscious, fed. Mean changes in blood-sugar concentration 
in three groups of four animals of similar weights (178-218 g) following injectjon 
into the tail veins of 0-25, 0-50 and 1-0 ml. of guinea-pig anti-insulin serum (batch 6). — 


Anaesthesia has no appreciable effect upon the response of fed rats but 


reduces and prolongs the hyperglycaemic response of starved animals. 


Thus two rats deprived of food for 24 hr and then anaesthetized were each 
injected with 0-5 ml. of a batch of anti-insulin serum which: provoked a 
conspicuous hyperglycaemia in fed, anaesthetized animals. In both rats 
the blood-sugar level rose steadily but at the very slow rates of 0:24 and 
0-27 mg/100 ml./min for the period of 2 hr during which regular samples 
were taken. 

When anti-insulin serum (2 ml./kg; batch 34943) was repeatedly in- 
jected intravenously into four normal male conscious rats 6, 19 and 27 days 
after the first dose, the hyperglycaemic response to the last was greater 
than those observed previously. Control serum (batch 48) injected in the 
same dose 34 days after the first serum injection increased the blood-sugar 
concentrations by 40-50 mg/100 ml. in 30-45 min. One of these animals 
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was therefore injected under anaesthesia 7 days later, first with control 
serum (0-5 ml.) and then 1 hr later with anti-insulin serum (0-5 ml.). The 
control serum produced an immediate transient general reaction, shown 
by a fall in blood pressure and pulse rate, laboured respirations and a 
marked increase in blood-sugar concentration to 220 mg/100 ml. in 
30 min. Subsequent anti-insulin serum injection, however, caused only 
a rise in blood-sugar concentration. 


200 r 


Mean change in blood-sugar concn. (mg/100 mi.) 


0 i _J 
1 2 
Hours after serum injection 


Fig. 7. Rats, female, conscious. Mean changes in blood-sugar concentration in 
three groups each of four animals of equal weights (210-218 g) following injection 
into the tail vein of anti-insulin serum (0:5 ml; batch 6) in the fed state (a) and 
after 24 hr (b) and 48 hr (c) fasting. 


Assay of anti-insulin activity 

One specimen of anti-insulin serum was kindly assayed for us by Messrs 
Boots Pure Drug Co. Ltd., by the mouse convulsion method; they assayed 
the residual insulin activity after mixing serum (2 ml.) with an excess 
(3 u.) of recrystallized bovine insulin. Of this sample (batch Y), 1 ml, 
neutralized the effects of 1-3 u. of insulin. The hyperglycaemic effects of 
graded: doses (0-25, 0-50 and 1-00 ml.) of this and other batches of anti- 
insulin serum in groups of four conscious, fed rats were compared. Table 1 
shows the batches of serum used, the doses injected and the areas under 
the response curves produced in each rat. Figure 5 illustrates the individual 
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responses produced in a typical a oor The areas, A, were calculated | 


by using the equation 
A = XABS x 15 mg/100 ml. x min, 


where ABS is the difference between the blood-sugar concentration at 
each 15 min interval from the time of serum injection to the time at which 
the concentration returns to the pre-injection level (or begins to rise 
again) and the pre-injection level itself. 


Tasie 1, Areas under dose-response curves of female, fed, conscious rats 
injected intravenously with anti-insulin serum 


Anti- 
Area (A x 10-*)* insulin 
Serum batch  (ml.) Rat 1 Rat 2 Rat 3 Rat 4 Mean = (u./ml.) 
0-25 0-45 0-31 0-27 0-43 0-37 
0-50 0-93 0-70 0-84 0-84 0-83 1:3 
1-00 0-98 2-45 0-84 1-59 1-45 
0-77 + 0-51 0-58 0-62 0-47 0-54 
05 u.* 7 
6 0-25 0-56 0-90 0-84 0-52 0-71 
0-50 1-25 0-91 1-58 2-58 1-58 2-5 
100 2-60. 4-41 3-19 3°14 3-31 
16204. O25 0-86 0-57 0-56 0-91 0-73 2.3 
0-50 1-74 1-56 1-00 1-52 1-46 f° 
14108 0-25 1-34 1-03 0-72 1-48 1-14 3-4 
0-50 2-86 0-96 2-08 2-14 2-01 
227328 0-50 1-32 0-94 1-76 1-24 1-32 2-1 
424 0-50 1-50 1-03 0-95 0-89 1-09 1-8 
* See text. 


The area thus calculated is directly related to the dose of anti-insulin 
serum injected. For serum batch Y, for example, the relation between 
area and volume injected is given by the formula 

A = 0-89 +4 1-42 (D—0-58), 
where D is the volume (ml.) of serum injected. ~ 


Since 1 ml. of this serum contains sufficient antibody to ‘ianiteadive 


1-3 u. insulin, 0-5 w. should neutralize half the antibody in 0-77 ml. serum 
and leave unaffected antibody sufficient to produce a response equivalent 
to an area of 0-62. As is shown in Table 1, the mean area under the curves 
produced in four rats by this mixture was 0-54, a sufficiently good approxi- 
mation to the estimated figure for our purpose. This example suffices to 
show that this method may be used to determine approximately the insulin- 


neutralizing potencies of the sera. Assuming that the area under a response — 


raipiiabs is directly proportional to the insulin-neutralizing potency of the 
injected serum and that inactive serum produces no effect, the anti-insulin 


activity of the other batches was calculated from the results shown in 
Table 1. 
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Disappearance of insulin from the blood 


An presse was made to demonstrate the disappearance of insulin 
from the blood of an injected rabbit by using the isolated rat-diaphragm 
method of plasma insulin assay (Wright, 1957). The insulin-like activity 
of undiluted plasma obtained before was slightly greater than that of 
plasma drawn 45 min after injection of anti-insulin serum. It was thought, 
however, that the difference was probably insignificant. The matter was 
not pursued further because of the relative inaccuracy of this method of 
assay and also because of the difficulty of securing an adequate sample of 
blood for testing (25 ml.) without at the same time provoking adrenaline 
release, as shown by vasoconstriction in the sympetnectomized ear. 


_ DISCUSSION 


In view of previous work by others (for references see Wright, 1960) and 
especially that of Moloney and his co-workers (Moloney & Coval, 1955; 
Moloney & Goldsmith, 1957; Moloney & Aprile, 1959) it seems reasonable 
to conclude that the transient hyperglycaemia provoked in the rat, cat 
- and rabbit by the injection of guinea-pig anti-insulin serum is due to the 
neutralization of their endogenously secreted hormone by insulin anti- 
bodies which are not species-specific. Although we have failed to demon- 
strate the disappearance of insulin from the blood, one of us (Wright, — 
1959a) has shown that, in vitro, serum from some of the insulin-treated 
guinea-pigs used in the present experiments will abolish the stimulant 
effect of various insulins upon glucose consumption by the isolated rat 
diaphragm, but not that of synthetic hypoglycaemic agents such as 
synthalin and phenethyldiguanide. Further, it is clear that in normal 
animals the hyperglycaemia is not due to the introduction of a foreign 
protein or to release of endogenous adrenaline. In the normal cat, for 
example, a general reaction was produced by both normal and anti-insulin 
serum, but hyperglycaemia followed injection only of the latter. In the 
normal rabbit and rat neither normal nor anti-insulin serum provoked a 
general reaction and no vasoconstriction suggesting adrenaline release was 
observed in the sympathectomized ear of the rabbit. In both normal and 
adrenalectomized rabbits anti-insulin serum, but not normalserum, induced | 
a conspicuous hyperglycaemia. 

A feature of interest from the immunological point of view is that the 
intensity of the hyperglycaemic response in rabbits is not diminished by 
repeated injections of anti-insulin serum; thus in Fig. 3 the response to 
- the 5th dose (curve B) does not differ significantly from that to the first 
(curve A). The response to the first injection could be due entirely to the 
neutralization of endogenous insulin by the antibody, but later responses 
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could be partly due to foreign-protein reactions which are apparent in the 
sensitized animal. In Fig. 4 it is seen, however, that the injection of normal 
serum into the same sensitized animal referred to in Fig. 3 produces a 
foreign-protein reaction but only very mild hyperglycaemia, whilst anti- 
insulin serum injected soon after evokes no foreign-protein reaction but 
hyperglycaemia which, though still conspicuous, is less than that found 
in previous or subsequent experiments in which anti-insulin serum alone 
was injected. In the normal rat repeated injections of anti-insulin serum 
resulted in an increase in the hyperglycaemic response and control serum 
produced marked hyperglycaemia associated with signs of a non-specific 
foreign-protein reaction in sensitized animals. The implications of these 
observations are not known and this matter has not been pursued further. 
It does, however, seem certain that endogenous release of adrenaline 
plays no significant part. in the hyperglycaemic response induced in rabbits 
by anti-insulin serum, whether it is given for the first time or to an already © 
sensitized animal. 

The failure of the anti-insulin serum to provoke a hyperglycaemia in the 
guinea-pig was not unexpected. Moloney & Coval (1955) have shown that 
serum from guinea-pigs treated with bovine or pig insulins will neutralize 
the actions in mice of bovine, pig, sheep and rabbit insulins, but not that 
of insulin from the guinea-pig itself. Such insulin-treated guinea-pigs 
remain normoglycaemic and tolerate convulsive doses of pig insulin. They 
concluded, therefore, that the guinea-pig secretes insulin which is im- 
munologically distinct from the hormones secreted by pigs, sheep, rabbits 
and cattle. Harris, Sanger & Naughton (1956) have found that bovine, 
pig, sheep and horse insulins differ slightly from one another in chemical 
composition, whilst minor immunological differences have been demon- 
strated by Berson & Yalow (1959). If, as seems likely, chemical structure 
is related to immunological behaviour, then the structure of guinea-pig 
insulin must differ markedly from that of any of the insulins mentioned 
above. Indeed, Goldsmith & Moloney (1957) have already shown that 
guinea-pig insulin possesses at least one physical property which distin- 
guishes it from bovine insulin. It would be of interest, therefore, to extend 
the range of animals injected with guinea-pig anti-insulin serum; those 
which fail to become hyperglycaemic might also secrete insulin which 
differs in composition from those which have been investigated so far. 

The estimates of insulin-neutralizing activity are admittedly only 
approximate but they have proved a useful guide for further work. They 
are higher than those obtained with similarly treated guinea-pigs by — 
Moloney & Goldsmith (1957), whose titres generally ranged from 0-23 to 
1-04 u. insulin/ml. serum and were only occasionally higher. The guinea- 
pigs from which all but one of the present batches (No. 16204) were ob- 
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tained yielded consistently more active serum than that of other guinea- 
pigs treated in the same way. It does appear, however, that the guinea-pig 
is capable of producing more potent anti-insulin serum than other animals. 
As such it proved very useful for our purposes, but since it is a. small — 
animal whose reaction to insulin as an antigen is very variable (Moloney & 
Goldsmith, 1957) it is not convenient for the production of large amounts 
of consistently potent serum. 

The uniform rapid rise in blood-sugar concentration that begins so 
quickly after the injection of anti-insulin serum points to a possible 
explanation for the hyperglycaemia. The initial mean rate of increase in 
blood-glucose concentration in fed rabbits (3-04 mg/100 ml./min) is not 
significantly different from that found in a much larger group of fed rats 
(3-16 + 0-11 mg/100 ml./min); the sugar contents of bloods examined by 
the present method and by the specific glucose oxidase method were 
identical. From this the rate at which glucose enters the extracellular 
space may be calculated by assuming that this space is equivalent to 
20 % of the total body weight (Gamble, 1947) and that the concentration 
of glucose in the plasma, and hence in the extracellular space, is in the 
rabbit 1-5 times (Armin & Grant, 1959) and in the rat 1-3 times (personal 
observations in ten normal rats) that of the whole-blood concentration. 
On this basis glucose enters the extracellular space of the rabbit at a rate 
of 0-91 mg/min/100 g body weight, which is slightly greater than that in 
the rat (0-82 mg/min/100 g body weight). In the fasting rat the rate of 
_ glucose accumulation (0-36 mg/min/100 g body weight) is slower. In fed 
animals glucose enters the blood stream from the intestines, and the 
difference between the rates of glucose accumulation in fed and fasting 
rats may therefore represent the rate of glucose absorption from the gut 
(0-46 mg/min/100 g body weight). The liver is the major, if not the only, 
other source of glucose in the blood and it is still very doubtful whether 
insulin exerts any effect upon its metabolism. On the other hand, insulin 
does affect metabolism in extra-hepatic tissues, of which muscle and fat 
are the most important (see Stadie, 1954). It seems reasonable to con- 
chade, therefore, that the glucose accumulating in the fasting injected rat 
represents the glucose normally consumed by extra-hepatic tissues under 
the influence of endogenously secreted insulin. If so, this rate is about a 
quarter of the total glucose turnover rate of normal rats, namely 1-67 mg/ 
min/100°g body weight according to Feller, Strisower & Chaikoff (1950). 
The latter rate, however, includes the glucose consumption of the liver 
and also of the brain, which is not influenced by insulin. This hypothesis 
provides a working explanation for the hyperglycaemic effect of anti- 
insulin serum, but further work is required for proof. 
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SUMMARY 


1. Serum from guinea-pigs treated with repeated subcutaneous in- 
jections of bovine insulin was injected intravascularly into rabbits, rats, 
a cat and a guinea-pig. 3 

2. The transient hyperglycaemia induced in all animals except the 
guinea-pig is thought to bédue to neutralization by insulin antibodies in 
the serum of endogenously secreted insulin; it is not due to non-specific 
foreign-protein reaction. 


3. The degree and duration of hyperglycaemia produced in the rat is . © ¥ 


related to the dose of intravenously injected anti-insulin serum; a rough 
method of assay of insulin-neutralizing potency is described. © 

4, The rapid initial rate of increase in blood-sugar concentration ob- 
served in fasting rats probably reflects the normal rate of glucose consump- 
tion by insulin-sensitive tissues. 
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EXPERIMENTAL DIABETES IN RATS PRODUCED 
BY PARENTERAL ADMINISTRATION 
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We have shown (Armin, Grant & Wright, 1960) that the intravascular 
injection of single small doses of guinea-pig anti-insulin serum produces 
transient hyperglycaemia in the rat, rabbit and cat. This is thought to be 
due to the neutralization of endogenously secreted insulin by antibodies 
in the injected serum.We now show that when larger doses are administered 
to the conscious rat by intraperitoneal injection or prolonged intravenous 
infusion, anti-insulin serum produces a diabetic syndrome characterized 
amongst other things by hyperglycaemia, polyuria, glycosuria and 
ketonuria. 

The rat was chosen for these observations, rather than a larger and 
experimentally more suitable animal, because of the smaller volumes of 
serum required ; potent anti-insulin serum was in short supply. Moreover, 
the rat is omnivorous and has already been much used for the study of 
- experimental diabetes produced by alloxan and by pancreatectomy. 


METHODS 


Details of the methods used for the production and assay of anti-insulin serum have 
already been reported (Armin et al. 1960). Briefly, such serum was obtained from guinea- 
pigs treated with an emulsion containing recrystallized bovine insulin and its potency was 
deduced from the hyperglycaemic effect which it evoked in rats on intravenous injection. 
Control serum was obtained from guinea-pigs treated similarly with insulin-free emulsion, 
and normal serum was derived from normal untreated guinea-pigs. The rats into which 
these sera were injected or infused in the present experiments were of an albino Wistar 
strain and were fed on a standard rat cake diet; unless otherwise stated, food and water — 
were freely available. 

Anti-insulin serum. Four batches were used, their potencies being estimated to be such 
that 1 ml. neutralized approximately 2-3 u. (batch 16204); 3-4u. (batch 14108); 2-1 u. 
(batch 227328); and 1-8 u. insulin (batch 424). Control (batches 40 and D15) and normal 
sera were also used. 

Intraperitoneal injection. The rats (male, 190-205 g) were kept in warm cages. Serum 
(1-5 ml.) was injected through a fine short-bevelled needle into the peritoneal cavity at a 
point a little to the right of the mid line and half way between the xiphisternum and the 
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symphysis pubis. Piercing the abdominal wall at this point seldom resulted in injury to, 
or loss of serum into, the gut. At regular intervals (1-2 hr) after each injection the rats 
were removed from the cage and placed on a clean glass plate; here they usually passed 
urine, especially if the end of the tail was compressed. Samples of blood (0-2 ml.) were 
collected from the cut end of the tail at the same time. At the end of the experiment the 
rats were reweighed, decapitated and examined. 
Intravenous infusion. With the apparatus and method described in the appendix, polythene. 
catheters were inserted into the jugular vein and carotid artery. The rats (male, 230-305 g) 
were anaesthetized with pentobarbitone sodium. 
As soon as the catheters were in place saline infusion was begun, the total rate of intra- 
vascular infusion being 0-5 ml./hr. The saline solution consisted of 0:9% (w/v) sodium 
chloride in glass-distilled water containing heparin (1000 i.u./100 ml.; Injection of Heparin, 
Boots Pure Drug Co. Ltd.) and an antibiotic mixture (penicillin, 1000 u. and streptomycin, 
100 »g/100 ml.). When placed in the cage the rats recovered consciousness, ate, drank and 
moved about normally within 1-2 hr. They soon learned to avoid turning round too often 
in one direction, which caused twisting of the loose skin of the neck around the lower end 
of the coiled spring. 
On the following day, 21-26 hr after insertion of the catheters, guinea-pig serum containing 
an antibiotic mixture (penicillin, 1000 u. and streptomycin, 100 4g/15 ml.) was infused intra- . 
venously for 20hr. The total fluid infusion rate was increased to 0-82-0-98 ml./hr by 
adjusting the intra-arterial rate of saline infusion. is 
When the serum infusion ended, fluid infusion was continued intravenously and intra-- 
arterially at varying rates until the end of the experiment. In most cases saline was infused 
at total rates ranging from 0-4 to 0-9 ml./hr. In a few experiments (mentioned in detail 
later) Krebs-Ringer solutions (Umbreit, Burris & Stauffer, 1945) were used to provide 
potassium or buffering action. At the end of the experiments the rats were killed with an 
- overdose of barbiturate, reweighed and examined. 


Investigations 
Blood samples (0-2 ml.) were obtained from the tails of injected animals or withdrawn 
through the arterial catheter of infused rats after discarding the first drops, which were 
admixed with saline, To avoid excessive blood loss, samples were drawn only when significant 
changes in blood-sugar concentration were expected. The sugar content was estimated by 
a modification (Wright, 1957) of the method described by King (1951); the glucose oxidase 
method (Huggett & Nixon, 1957) was used for some samples and gave essentially the same 
results. ° 
Urine. All urine passed by infused rats was collected and examined qualitatively; 
a few quantitative investigations were carried out. Samples passed by injected rats and 
drops issuing from the funnels under the cages of infused rats immediately after they had 
micturated were examined qualitatively. Glucose was considered to be present when the 
urine turned glucose-oxidese test papers (‘Clinistix’; Ames and Co.) a deep blue within 
30 sec, and ketone bodies if it turned ‘Acetest’ tablets (Ames and Co.) to a deep violet 
colour within 10sec. Slower or less intense colour reactions were considered negative in 
both tests. To avoid contamination of urine specimens by those passed previously by 
infused rats, the funnels under the cages were washed and replaced at regular intervals; 
this was especially important at times when an abnormal component of the urine was 
expected to disappear. 
The urine passed by infused rats was collected in batches over individual periods ranging 
from 2 to 30 hr and was preserved by the addition of 1 drop of 10 N-HC! at the beginning 
of each collection period. The volume of each batch was ‘measured and the sugar and 
ketone-body contents were determined qualitatively by the standard Benedict, Rothera & 
Gerhardt tests (King, 1951). In some instances the absolute sugar contents were determined 
10-2 
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with Benedict’s quantitative reagent (King, 1951) and the glucose oxidase method (Huggett 
& Nixon, 1957); both gave essentially the same results. 

Water intake. In all but the first few serum infusion experiments the water bottles fitted 
to the cages were weighed and refilled at regular intervals. The water consumed by injected 
rats was not measured. 

Food intake. Weighed amounts (50 g) of solid rat cake were placed in the cages of infused 
rats at regular intervals, the weight remaining at the end of each period giving an indication 
of'the amount eaten. A small amount of broken cake, however, was lost into the funnel. 
The food consumed by injected rats was not measured. 


RESULTS 
Intraperitoneal injection 
The effects of intraperitoneal injection of guinea-pig serum into groups 
of conscious rats are shown in Text-fig. 1. Normal and control serum 
caused no rise in blood-sugar concentration, but marked hyperglycaemia 


.developed within an hour of injecting anti-insulin serum (batch 227328). 


Normal and control serum. In two rats injected with 5 ml. normal serum 
and in two with 5 ml. control serum (batch 40), the blood-sugar concen- 
trations fell slightly but irregularly during the first 8 hr and remained at 
or a little below the pre-injection level up to 30 hr (Text-fig. 1; area B); 
no observations were made thereafter. During the first 4 hr all rats lost 
weight (10-15 g) and this was probably due to the unusual amount of 
faeces passed by them and other injected rats at this stage. Thereafter 
they maintained weight, eating and drinking water at the same rates as 
uninjected animals. No abnormality was detected when these rats were 
killed and examined 55 hr after serum injection. 

Anti-insulin serum (1-0 ml.). In two rats (Text-fig. 1; rats 1 and 2) 
injected with this small dose the blood-sugar concentrations rose to maxima 
(248 and 319 mg/100 ml.) in 1-2 hr but returned almost to the pre-injection 
levels in 24-3} hr. Transient glycosuria occurred in both rats but neither 
developed ketonuria. Both rats behaved normally throughout and had 
lost only 10 g weight when killed 6 hr after injection. No abnormality was 
detected at necropsy. 

Anti-insulin serum (3-0 ml.). Four rats (Text-fig. 1; rats 5-8) 
injected with this medium dose, but otherwise untreated, showed the 
same initial rapid rise in blood-sugar concentration to maxima ranging 
from 280 to 370 mg/100 ml. About 5-7 hr after injection the levels began 
to fall and were fast approaching normal after 10-12 hr. Glycosuria was 
found in 1-2hr and ketonuria followed 4-5 hr later. Unlike normo- 
glycaemic rats, they drank frequently and passed urine at about hourly 
intervals for the first 10 hr. After 10-14 hr, however, all four rats moved 
about very little and seemed weak; they did not reach up to drink from 
the water bottles, though they drank when water was brought to their 
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mouths. They seldom passed urine, and blood samples were obtained wita 
increasing difficulty as blood issuing from the tip of the tail often clotted 
at once. Despite these signs of dehydration and collapse all four rats 
recovered. Glycosuria and ketonuria ceased 11-15 hr after injection. 
After 24 hr two rats from which blood could be obtained were normogly- 
caemic and all had lost weight (10-20 g); this they regained in the next 
3 days, by which time they were behaving normally. 


13 
500 
12 
> "1 
E 400 F 
8 
8 
bo 
3 
\ 
8 \ 
i \ 
\ 
200 F ‘A 
: \ 410 
100 


30 

Hours 

Text-fig. 1. Blood-sugar concentrations in male rats (180-220 g) injected intra- 
peritoneally at zero time with guinea-pig serum. Two rats received control serum 
(5 ml.) and two were injected with normal serum (5 ml.). The doses of anti-insulin 
serum injected were 1 ml. (rats 1 and 2), 3 ml. (rats 3-8) and 5 ml. (rats 9-13). Un- 
buffered Krebs-Ringer solution (1 ml.) was injected subcutaneously after 7 hr 
every 2 hr into rats, 3, 4, 9 and 10 until they became normoglycaemic again. The 
shaded areas include all blood-sugar concentrations found (A) before serum 
injection, (B) after injection with normal or control serum, (C) up to 8 hr after 
anti-insulin serum injection unless a progressive fall had occurred earlier and 
(D) subsequently in those animals receiving 3 ml. anti-insulin serum. The blood- 
sugar concentrations at the time of death in animals killed or dying less thah 30 hr 
after injection are indicated by the large dots. 
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It was thought that the weakness and other symptoms observed in these 
animals were due to acute dehydration and acidosis. Therefore two more 
rats (Text-fig. 1; rats 3 and 4) were given the same dose of anti-insulin 
serum and in addition, starting 7 hr later, were injected subcutaneously 
every 2hr with 1 ml. of unbuffered Krebs-Ringer (stock) solution. 
Essentially the same changes in blood-sugar concentration occurred as 
in the first four rats, normal levels being re-established in 14-18 hr. 
Glycosuria started in 1-2 hr with ketonuria following 5-7 hr later; both 
subsequently ceased 12-14 hr after serum injection. These animals also 
became weak and stopped eating or drinking, but when glycosuria and 
ketonuria passed off they began to eat and drink again. Blood samples, 
however, were easily obtained throughout and the animals urinated every 
1-2 hr. When killed 30 hr after injection they still seemed slightly weak 
and had lost about 20 g weight, but nothing abnormal was found at 
necropsy. 

Anti-insulin serum +s ml.). Of three rats (Text-fig. 1, rats 11-13) injected 
with this large dose, but otherwise untreated, one died about 17 hr later 
and two were killed after 24 hr when they seemed about to die. Blood- 
- sugar concentrations rose rapidly, remained between 270 and 370 mg/ 
100 ml. from 2 to 8 hr and then rose to levels greater than 400 mg/100 ml. 
at death. In the initial stages polyuria and polydipsia occurred ; glycosuria 
appeared within 2 hr with ketonuria 5-7 hr later, both persisting till death. 
After about 10 hr the animals became weak, but still appeared to be 


thirsty. Gradually their general condition deteriorated; they became- 


limp, cold to the touch and sunken-eyed. They passed urine seldom and © 
blood was difficult or impossible to obtain. In the 2-3 hr before death 
their respiratory rates rose to over 140/min. At death they had lost weight 
(20-30 g); their livers were shrunken and yellow and their stomachs grossly 
dilated with clear colourless fluid. 

Again, two rats (‘Text-fig. 1; rats 9 and 10) injected with this same large 
dose (5 ml.) of anti-insulin serum were also given 2-hourly injections 
(1 ml.) of Krebs-Ringer (stock) solution from 7 hr onwards. The initial 


response was the same but in neither did the blood-sugar concentration _ 


subsequently rise above 360 mg/100 ml. at any time. Marked hyper- 
glycaemia persisted until 16-22 hr, after which time the blood-sugar 
concentrations fell at first slowly but later rapidly towards normal 
levels (28-31 hr). Polyuria occurred throughout this hyperglycaemia: 
glucose appeared in the urine in less than 2 hr, ketone bodies being de- 
_ tected 3-5 hr later. Again the animals became weak but seemed less ill 
than those which had not received saline injections; their respiratory rates 
did not rise above 120/min. As the blood-sugar levels fell glycosuria and 
ketonuria ceased. When the rats were killed (30 hr) they were still 
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weak and had lost weight (ca. 20 g). Necropsy showed that the livers were 
shrunken and yellow but the stomachs were not distended. 


Intravenous infusion — 


The effects of intravenous infusions of guinea-pig serum into seventeen 
male rats at various rates for 20 hr are summarized in Text-fig. 2. Normal 
and control serum had no appreciable effect, whereas anti-insulin serum 
produced hyperglycaemia of a degree and duration depending upon the 
rate of serum infusion. When hyperglycaemia persisted for a sufficient time 
it was accompanied by polyuria, glycosuria, ketonuria and in severe cases 
led to oliguria, acidosis, marked loss of weight and ultimately to death. 
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Text-fig. 2. Blood-sugar concentrations in male rats (230-305 g) infused from 
zero time for 20 hr with guinea-pig serum. The shaded areas include all blood-sugar 
concentrations found in rats (A) before infusion; and up to 30 hr after the start of 
infusions (B) with normal or control serum (0-5-0-6 ml./hr) or with anti-insulin 
serum at rates of (C) 0-14, (D) 0-28 and (Z) 0-5—0-6 ml./hr. 


_ After introduction of the catheters fifteen rats received intravascular 
saline (0-5 ml./hr) for periods ranging between 21 and 25 hr; two were 
infused with serum immediately. During this time twelve of these, for 
which adequate measurements were made, passed urine (mean = 0-50 ml./ 
hr, 8.D. = 0-20) and ate food (mean = 0-59 g/hr,s.D. = 0:14) at comparable 
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rates, but their water intakes (mean = 0-43 ml./hr, s.p. = 0-25) were more 
variable. Blood-sugar estimations carried out less than 3 hr before in- 
fusion with serum showed that all seventeen animals were normoglycaemic 
(mean blood-sugar concentration = 103 mg/100 ml., 8.D. = 8-3), none 
having levels greater than 120 or less than 89 mg/100 ml. 


Control and normal sera (0-5—-0-6 ml./hr) 


Two rats were infused with normal serum and two with control serum 
(batch D15) for 20 hr. During this time their blood-sugar concentrations 
fluctuated irregularly about the pre-infusion level but did not rise above 
120 mg/100 ml. (Text-fig. 2; area B). The animals moved about, ate, 
drank and passed urine normally. The urine remained free from glucose 
and ketone bodies. After infusion with normal serum one animal was 
infused with saline for 54 hr but was otherwise untreated, — the other 
was starved for 44 hr and infused with saline. 

Saline infusion (0-9 ml./hr). The blood-sugar concentration never rose 
above 120 mg/100 ml. The animal continued to pass urine, eat and drink 
normally; its urine remained free from glucose and ketone bodies. When 
killed 74 hr after the start of the normal serum infusion the rat had lost 
some weight (17 g) but necropsy revealed no significant abnormality. 

Saline infusion (0-5 ml./hr) and fasting (44 hr). For the first 4 hr this 
animal was infused with saline alone whilst having free access to food. 
No significant change in blood-sugar concentration was observed in speci- 
mens of blood drawn at regular intervals (cf. changes occurring in animals 
after infusion with anti-insulin serum at low rate). Thereafter all food, but 
not water, was withdrawn and the blood-sugar concentration fell steadily 
over 44hr to 55mg/100 ml. Ketone bodies were not detected with 


‘Acetest’ tablets during this period of fasting, but urine collected over the 


last 24 hr gave a definite pale purple ring in the Rothera test. When food 
was restored the rat ate hungrily and the blood-sugar concentration rose 
to 130 mg/100 ml. in less than 2 hr. When killed 79 hr after the start of the 
serum infusion and 6 hr after the end of the fasting period, some loss of 
weight. (33 g) was noted but necropsy revealed no other abnormality. 


Anti-insulin serum 
Three groups of rats were infused at different rates with anti-insulin 


serum, after which they were infused with saline unless otherwise 


stated. 

Low rate (0-14 ml./hr). Three rats were infused with serum (batch 
227328) at a rate estimated to neutralize approximately 0-29 u. insulin/hr. 
Text-figure 2 (area C) shows that in the first hour the blood-sugar con- 
centration rose by 20-30 mg/100 ml., after which it fell to pre-infusion 
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levels. At 3 hr a second increase began, the blood-sugar concentration 
rising 20-70 mg/100 ml. before the serum infusion was stopped. During 
the serum infusion the rats ate less than usual (0-18-0-30 g/hr) but passed 
urine and drank at essentially normal rates; they received saline intra- 
venously at a rate of 0-76 ml./hr. None developed glycosuria or ketonuria. 

When serum infusion was stopped the blood-sugar concentrations 
(120-150 mg/100 ml.) fell rapidly by 50-60 mg/100 ml. in 3-4 hr; in each 
case the pre-infusion level was reached or passed in 3 hr (Text-fig. 2; 
area C’). The animals continued to receive intravascular saline (0-51 ml./hr) 


“and though they ate rather less than usual (0-14-0-57 g/hr) they otherwise 
- behaved normally until they were killed 48 hr after the start of serum 


infusion. By this time they had lost some weight (20-35 g) but nothing 


abnormal was found at necropsy. 


Medium rate (0-28 ml./hr). Three rats were infused with serum (batch 
16204) at a rate estimated to neutralize approximately 0-64 u. insulin/hr. 
Text-figures 2 (area D) and 3 show that the blood-sugar concentration 
rose in the first hour tu 150-180 mg/100 ml. and then fell. At 4 hr, 
however, the blood-sugar level began to rise steeply again, reaching 
250-280 mg/100 ml. at 10 hr; it remained within the range of 260-310 mg/ 
100 ml. until the infusion was stopped. During infusion with serum the 
rats ate less (0-0-4 g/hr) and passed more urine (0-59-0-92 ml./hr) but 
still drank at very variable rates (0-05-0-53 ml./hr); they received saline 
intravascularly at a rate of 0-62 ml./hr. In each case glucose was first 
detected in the urine after 9 hr when the blood-sugar concentrations had 
risen to 230-260 mg/100 ml.; ketone bodies appeared 6 hr later. 

When serum infusion was stopped (Text-fig. 3) the blood-sugar con- 
centration remained above 220-250 mg/100 ml. for 3-4 hr before falling 
sharply to the pre-infusion levels, which were reached at 25-28 hr. Glyco- 
suria and ketonuria ceased almost simultaneously as the blood-sugar 
concentrations fell below 220 mg/100 ml. Until they were killed 26-33 hr 
after the end of the serum infusion the rats received intravascular saline 
(0:6-0-9 ml./hr); they ate (0:66-0:75 g/hr) and drank (0:68-1:24 ml./hr) 
slightly more than usual and passed variable amounts of urine (0-32- 
0-92 ml./hr). When killed they had all lost weight (20-40 g) but at necropsy 
the livers appeared normal and no depletion of body fat was noted. 

High rate (0-5-0-6 ml./hr). Serum of batches 14108 (four rats), 16204 
(one rat) and 424 (two rats) was infused at rates calculated to neutralize 
approximately 1-1-1-7 u. insulin/hr. During the infusions all seven rats 
responded in similar fashion, but thereafter their fates varied ; six either 
died or were killed and only one recovered. 

Text-figures 2 (area H) and 4 show that a rapid uninterrupted increase 
in blood-sugar concentration occurred in the first 2 hr of the infusion. By 
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this time levels of 260-380 mg/100 ml. were reached, but subsequently 
the concentration fell until at 10-12 hr it lay between 260 and 290 mg/ 
100 ml. In five rats the blood-sugar concentration remained between 
260 and 310 mg/100 ml. until the end of the infusion but in two others 
(Text-fig. 4; rats D and F’) higher levels were reached (360 and 390 mg/ 
100 ml.). All the animals moved normally about the cage during the 
infusion but none of them ate. They passed much urine (0-8-1-9 ml./hr) 
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Text-fig. 3. Blood-sugar, concentrations, glycosuria and ketonuria in three male 

rats infused from zero time for 20 hr with anti-insulin serum (0-28 ml./hr). The 

shaded areas include all blood-sugar concentrations found (A) before and (B) 
— up to 30 br after the start of infusions. 


and at least one animal drank large volumes of water (1-33 ml./hr). 
Glucose appeared in the urine within 3 hr and during the infusion its 
concentration in urine obtained from three rats was about 5 % (Benedict’s 
method). Ketone bodies appeared 3-4 hr after the onset of glycosuria. 
These animals also received saline (0-3—0-4 ml./hr) intra-arterially. 

Some time after the infusions were stopped all but one of the animals 
died or were killed. The animal which survived (Text-fig. 4, rat G) was 
the first to be infused and was not observed as closely as the others. The 
blood-sugar concentration of this animal remained between 260 and 
330 mg/100 ml. for a total of at least 50 hr. During this time it passed 
urine at a high rate (0-97 ml./hr) containing ketone bodies and glucose, the 
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latter in a concentration of 5-7 %. By 50 hr the animal looked ill and had 
obviously lost much weight; it was breathing rapidly and its fur was 
staring. At 65hr the blood-sugar concentration was normal (80 mg/ 
100 ml.) but the animal still moved slowly and seemed weak. In the next 
24 hr it ate and drank well and when killed 5 days after the serum infusion 
began it was moving actively about its cage. It was not weighed but ne- 
cropsy showed depletion of retroperitoneal and other fat depots. The liver 
was mottled and the tissues generally pale and wasted. — 

One animal (Text-fig. 4; rat B) was killed 30 hr after the end of the 
infusion. This rat was infused with saline at a low rate (0-38 ml./hr) but 
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Text-fig. 4. Blood-sugar concentrations, glycosuria and ketonuria in seven male 
rats (A—G@) infused from zero time for 20 hr with anti-insulin serum (0-5—0-6 ml./hr). 
The shaded areas include the blood-sugar concentrations found in all rats (X) 
before infusion; and at any one time in the majority of rats (Y) during and up 
to 50 hr after the start of serum infusion. Where the blood-sugar level in a rat 
differed at any time from those of the majority it is shown separately. The blood- 
sugar concentrations in individual rats at the time of death are indicated by 
the large dots. Rats D and F received Krebs-Ringer solutions intravascularly 
after infusion with serum and rat F also received 12-5 u. insulin Lv. at 24 hr. 
Ketonuria and glycosuria persisted until normoglycaemia was re-established 
(rat @) or until death; rat F was anuric at the time of death and the last urine which 
it passed at 23 hr contained glucose and ketone bodies. | 
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continued to pass large volumes of urine (1-5 ml./hr) containing glucose 
in high concentrations (5-7 %) and ketone bodies. Food was still refused 
and the rat became weak; it was sunken-eyed and limp but continued to 
respond to stimuli. The blood-sugar concentration remained at 260- 
340 mg/100 ml. and towards the end of this period some increase in respira- 
tory rate (120—-130/min) was noted. When killed 50 hr after the start of 
the serum infusion the rat had lost much weight (80 g), its liver was small 
and yellow and the fat depots were depleted. The stomach was markedly 
distended. 


Two other rats (Text-fig. 4; rats C and #) survived for more than 50 hr 


and up to that time they behaved similarly. One (rat £) was infused slowly 
with saline (0-12 ml./hr) but also continued to pass urine at a high rate 
(0-6—0-8 ml./hr) until, at about 58 hr, the rate of urine formation fell 
rapidly. Up to this point this animal had shown only signs of weakness 
and dehydration, but then it became progressively more sluggish in its 
movements. In the last 20 hr of life the blood-sugar concentration rose 
' steadily to more than 700 mg/100 ml. For the last 10 hr no: urine was 
passed. The respiratory rate rose to 130/min and fell again just before the 
animal was killed. At the time of death, 79 hr after the start of the 
serum infusion, this rat was thought to be comatose, and was the only 
one which became so; it lay quietly on its side breathing rapidly and would 
not respond to stimuli. Apparently about to die, this rat was killed and 
necropsy revealed the usual findings, a small pale liver, depleted fat depots, 
a dilated stomach and marked loss of weight (66 g). The other animal 
(Text-fig. 4; rat C’) was infused with saline at a greater rate (0-9 ml./hr) 
and for 30 hr after the end of the serum infusion it too maintained a high 
urine output (1-4-0-9 ml./hr) and a steady blood-sugar concentration 
(310-390 mg/100 ml.). Thereafter, however, it passed less urine and became 
anuric 8 hr. before death, which followed a sudden and severe bleeding 
from the mouth. In these last hours the blood-sugar level rose steadily to 
more than 380 mg/100 ml., the respiration rate increased (140—150/min) 
and movements became very sluggish. Necropsy again showed a pale 
shrunken yellow liver, depleted fat depots and a distended stomach 
containing blood. There was only slight loss of weight (20g) but the 
pleural and peritoneal cavities contained free fluid and the lungs and other 
tissues generally were grossly oedematous. 


One other animal (Text-fig. 4; rat A) received dnly saline (1-1 ml./hr) 


when serum infusion was stopped. This animal died after two convulsions 
29 hr after the start of the serum infusion; necropsy revealed massive 
haemorrhages into the pericardial and pleural cavities. The rat had lost 
weight (40g), its liver had a blotchy appearance and the stomach was 
slightly distended. Before death the blood-sugar concentration had not 
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risen above 320 mg/100 ml. and it had been passing urine at a high rate 
(0-8-1-2 ml./hr). | 

Since the animals which died in an anuric state showed evidence of 
potassium depletion and acidosis, attempts were made to prevent these in 
two other rats. One rat (Text-fig. 4; rat D) was infused with unbuffered 
Krebs—Ringer (stock) solution after the end of the serum infusion when it 
was seen that the blood-sugar concentration was rising. The rate of infusion 
(1-5 ml./hr) was calculated to replace fluid lost during the previous in- 
fusions of serum and saline. Despite this, however, the blood-sugar con- 
centration continued to rise, anuria developed and the respiratory rate 
rose until the animal died about 35hr after the start of the serum 
infusion. At necropsy the liver had a typical nutmeg appearance and the 
stomach was slightly distended; the rat had lost weight (43 g). The re- 
maining animal (Text-fig. 4; rat F) also had a rapidly increasing blood- 
sugar concentration at the end of the infusion period. It was, therefore, 
infused with Krebs—Ringer bicarbonate buffer (1-2 ml./hr). The rat became 
anuric, its blood-sugar concentration continued to rise,.and the blood 
pressure fell rapidly. Since it seemed certain that this animal would die, 
it was given insulin (12-5 u.) intravenously, sufficient to counteract half 
of the anti-insulin serum infused.Within 4 hr the blood-sugar concentration 
reached hypoglycaemic levels (28 mg/100 ml.) and the blood pressure, 
already low (45 mm Hg), fell even lower. Six hours after the insulin and 
30 hr after the serum infusion began, the rat died in a hypoglycaemic, 
anuric and hypotensive state, having lost weight (42 g). Necropsy revealed 
a grossly distended stomach filled with clear colourless fluid, a blotchy 
congested liver and sparse fat depots. 


DISCUSSION 

Whether infused intravenously or injected intraperitoneally with anti- 
insulin serum, all rats whose blood-sugar concentrations rose above about 
200 mg/100 ml. developed glycosuria which persisted as long as the hyper- 
glycaemia remained of this degree; the glucose content of such urine 
ranged between 4 and 7% (four rats). About 4 hr after the onset of glyco- 
suria ketonuria occurred in every animal whose hyperglycaemia lasted 
long enough, and passed off again about as soon as did the glycosuria. In 
the infusion experiments the onset of glycosuria was accompanied by 
polyuria and probably also by polydipsia. In every case in which serum 
was given in large amounts the rats stopped eating, but this of itself was 
not responsible for the ketonuria; even 44 hr fasting provoked but slight 
ketonuria in an otherwise normal rat. 

This syndrome of polyuria, glycosuria, ketonuria (and probably poly- 
dipsia) associated with hyperglycaemia differs in at least two respects from 
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experimental diabetes induced by alloxan in the rat, but is very like that 
provoked by pancreatectomy. In the first place, permanent hyper- 
glycaemia is not established in the alloxan-treated rat until several hours 
have elapsed; during this time the blood sugar first rises and then falls, 
often to hypoglycaemic levels (see Lukens, 1948). Secondly, the persistent 
hyperglycaemia found in the alloxan-diabetic rat, though accompanied 
by polyuria, polydipsia and intense glycosuria, is not usually associated 
with ketonuria, which has been reported by only a few authors (Dunn & 
McLetchie, 1943; Lyman-Duff & Starr, 1944; Bailey, Bailey & Leech, 
1944) or with loss of appetite. Ketonuria also appears to be the exception 


1947; Duffy, 1945) and dogs (Goldner & Gomori, 1943; Thorogood & 
Zimmerman, 1945)..To study ‘ketonuria, Janes & Myers (1946) chose 
alloxan-diabetic rats since, as they say, they are usually on the borderline 
of ketosis and respond more readily to any treatment that alters carbo- 
hydrate metabolism than do normal animals. Thus ketonuria and acidosis 
have been induced in alloxan-diabetic rats by fasting (Guest, Mackler & 
Knowles, 1952) and by administration of nicotinic acid (Janes & Myers, 
1946). Alloxan-diabetic dogs, which also survive for long periods with 
little evidence of ketonuria (Goldner & Gomori, 1943), rapidly develop 
ketonuria and fatal acidosis if the pancreas is then removed (Thorogood & 
Zimmerman, 1945). This latter rapid sequence of events also occurs in the 
rat after removal of 99-5°% of the pancreas (Scow, 1957). Death occurs 
within 48 hr unless insulin therapy is administered and at the time of death 
the ‘totally’ pancreatectomized rat exhibits weakness and prostration, 
over-ventilation and hypothermia; the stomach also becomes grossly 
dilated. This is also the picture seen just before death in rats treated with 
anti-insulin serum and at necropsy the stomach is also grossly distended. 

After pancreatectomy or treatment with alloxan the persistent diabetic 
state is due to more or less complete destruction or removal of the f-cells 
which secrete insulin. It seems, though the evidence at present is only 
circumstantial, that the diabetic state induced by anti-insulin serum is 
not due to any failure of insulin production by the pancreas but rather to 
neutralization of all endogenously secreted insulin by the injected antibody. 
It is known that injected labelled antibodies persist in decreasing amounts 
in the circulation (Coons, 1954) and so presumably an animal injected with 
anti-insulin serum will remain diabetic until its pancreas has secreted 
sufficient insulin to neutralize the antibody. In the mean time secondary 


weakness, which prevented voluntary drinking in the intraperitoneally 
injected rats, resulted in acidosis and death when the dose exceeded 3 ml. 
Life was prolonged and recovery facilitated by administration of fluid 


rather than the rule in alloxan-diabetic rabbits (Lewis, Moses & Schneider, © 


metabolic changes develop which may cause death. Dehydration and ~ 
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subcutaneously. Saline infusion prolonged the lives of rats infused with 
larger doses of anti-insulin serum to 70-80 hr and one rat recovered. All 
those which died or were killed after prolonged hyperglycaemia became 
oliguric and then anuric by which time they showed signs of acidosis. 
Diabetic acidosis is associated with potassium depletion; therefore two 
rats (Text-fig. 4; rats D and F) were infused with solutions containing 
bicarbonate buffer or potassium as soon as the blood-sugar concentration 
was found to be rising rapidly. This treatment, however, did not seem to 
prolong life or to restore renal function. It may be that these particular 
animals, which were used in midwinter, were not so physically fit as those 
which were infused in the late summer (Text-fig. 4; rats B, C, E and @) 
and which developed oliguria at a much later stage. All that can be said 
at the moment is that it is possible to maintain diabetic rats alive for 
about 30 hr and that on occasion they have been kept alive for almost 


. 80 hr. The factors which facilitate recovery are not yet known, but at 


least one of the animals used in the present experiments did recover after 
‘being diabetic for at least 50 hr whilst receiving only intravenous saline. 
The responses to different doses of anti-insulin serum suggest that the 
islet cells of the pancreas react in two phases; first, they release stored 
insulin and then they secrete the hormone as fast as it is required or can 
be synthesized. Such a store of hormone has been inferred from the presence _ 
of granules which disappear from the f-cells when glucose is administered 
(see Lazarow, 1957). It could also be inferred from the fact that the effects 
produced by anti-insulin serum were not directly proportional to the dose — 


- injected. Thus 5 ml. injected intraperitoneally provoked hyperglycaemia 


lasting approximately 30 hr whilst that following 1 ml. lasted only about 
3 hr (Text-fig. 1). Further, infusions at the lower rates (0-14 and 0-28 ml./ 
hr) caused an initial rise in blood-sugar concentration which was followed 
by a temporary fall and then a greater and more persistent hyperglycaemia 
(Text-fig. 2). We interpret these observations to mean that the initial 
hyperglycaemia induced by the injection or infusion of the anti-insulin 
serum causes the release of insulin stored in the f-cells; this neutralizes 
small injected doses and halts the progressive increase in blood-sugar 
concentration induced by serum infused at low rates. Once this store of 
insulin has been released and neutralized, the blood-sugar concentration ” 
again rises in the infused animals if endogenously secreted insulin is 
insufficient to neutralize the infused antibody and supply the requirements 
of the tissues. | 

Assuming that this interpretation is true, that the estimates of insulin- 
neutralizing power of the serum are correct and that all the antibody in the 
injected serum remains available to neutralize insulin, we may calculate 
the rate at which the rat pancreas can secrete the hormone. Rats weighing | 
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approximately 250g when infused with serum at a rate sufficient to 
neutralize about 0-3 u. insulin/hr, developed slight but persistent hyper- 
glycaemia towards the end of the infusion period, after which the blood- 
sugar concentration fell immediately (Text-fig. 2; area C). This implies 
that they were producing sufficient insulin to neutralize the infused anti- 
body but not quite enough to maintain normoglycaemia as well. Higher 
rates of infusion sufficient to neutralize about 0-64 u. insulin/hr produced 
a more marked secondary hyperglycaemia, which persisted for several 
hours after the end of the infusion (Text-fig. 2; area D). In this case the 
_ pancreas was unable to secrete enough insulin even to neutralize the 
infused antibody. It seems, then, that the rat pancreas can secrete insulin 
at a rate between 1-2 and 2-6 u./kg/hr. The effects produced by intra- 
peritoneal injection of the serum support this conclusion. Hyperglycaemia 
lasting about 15 hr was induced by 3 ml. serum, whilst 5 ml. elevated the 
blood-sugar level for 30 hr (Text-fig. 1). The additional 2 ml. of serum, 
sufficient to neutralize about 4-2 u. insulin, prolonged hyperglycaemia for 
15 hr in rats weighing 200 g. Thus towards the end of the hyperglycaemic 
period these rats were secreting insulin at a rate of about 1-4 u./kg/hr. 
These rough estimates of the probable maximum rate at which the pancreas 
is capable of synthesizing and secreting insulin are much greater than 
the 0-33—0-50 u./kg/hr of soluble insulin which Spiro & Hastings (1958) 
found necessary to maintain normal metabolism in alloxan-diabetic rats 
once adequate control of the diabetes had been established. If this latter 
rate of insulin dosage represents its normal insulin requirements, then the 
rat can apparently increase its insulin secretion rate three- to fivefold and 
can maintain this rate for many hours. It remains to be seen, however, 
whether more prolonged stimulation of the pancreas by hyperglycaemia 
will exhaust and finally destroy the secretory capacity of the B-cells. _ 

Similarly the reserve of insulin in the pancreas can be calculated roughly. 
When anti-insulin serum is infused at a rate sufficient to neutralize 0-64 u. 
insulin/hr, the initial rise in blood sugar concentration is halted after 
lhr for 2-3 hr before the secondary rise begins (Text-fig. 2; area D). 
Presumably, therefore, the pancreas has released sufficient insdlin to 


neutralize the antibody infused during this period. On this basis the 


reserve of insulin available in such rats (250 g) is about 5-8 u./kg. Further, 
the injection of serum sufficient to neutralize 2-1u. insulin produced 
hyperglycaemia in 200 g rats lasting only 3 hr (Text-fig. 1; rats 1 and 2); 
insulin must therefore have been secreted at a rate of 3-5 u./kg/hr. Thus 
even if the pancreas had been synthesizing and secreting insulin at its 
maximum rate (1:4 u./kg/hr) it must also have secreted an additional 
6-3 u./kg during this time, and this may be taken to represent a low esti- 
mate of the insulin reserve in the pancreas. For comparison with these 
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rough estimates, it may be noted that the mean extractable insulin in the 
pancreas of the Wistar rat is 7-5u./kg and ranges between 5-8 and 
8-4 u./kg (Best, Haist & Rideout, 1939). 

These preliminary observations suffice to show that guinea-pig anti- 
insulin serum provides a useful tool for producing a diabetic state and 
for studying insulin metabolism. More extensive experiments with animals 
larger than the rat would be possible if potent anti-insulin serum were 
available in greater amounts. At present the guinea-pig is the only animal 
known to yield active serum. It may be possible both to increase the titre 
by modifying existing production methods and also to increase the yield 
of serum by finding a bigger animal with an immunological response to 
insulin similar to that of the guinea-pig. 


SUMMARY 


1. Anti-insulin serum obtained from guinea-pigs treated with bovine 
insulin has been injected intraperitoneally and infused mince for 
20 hr into conscious rats. 

2. Provided the dose is sufficient, such serum induces a diabetic syn- 
drome characterized by hyperglycaemia, glycosuria, polyuria, ketonuria 


and loss of appetite, and leading in some cases to loss of body weight, 


oliguria, anuria and death and in others to recovery. This syndrome is 
similar to that found in the ‘totally’ pancreatectomized rat but differs 
from alloxan diabetes. 

3. The results suggest that the rat is capable of producing endogenous 
insulin at a rate of approximately 1-2—2-6 u./kg/hr and maintains a store 
of insulin in the pancreas (5-8 u./kg) which it can secrete rapidly. 


We wish to thank Dr M. A. Floyer of the London Hospital whose infusion pump and 
apparatus, exhibited at a meeting of the Medical Research Society in October 1958, formed 
the basis of ideas incorporated in the apparatus used in the present experiments. We also — 
wish to thank the Medical Research Council for a grant and Miss Sheila Haizelden, Miss Ann 
Buxton and Mr Kenneth Kilbourn for technical assistance. 
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APPENDIX 


APPARATUS AND METHOD FOR PROLONGED INTRAVASCULAR 
INFUSION OF CONSCIOUS RATS 


By J. ARMIN 


In each experiment two rats (230-305 g) are anaesthetized (pento- 
barbitone sodium, 30 mg/kg; 0-5 ml./kg Veterinary Nembutal, Abbott 
Laboratories Ltd.) and in each catheters are inserted in an external jugular 
vein and a carotid artery. They are then transferred to cages (Plate 1) and 
infused with saline or guinea-pig serum delivered from an infusion pump 
(Text-fig. 5). 

Catheterization. For each rat two catheters are prepared, each consisting 
of polythene tubing (internal diameter, 0-011 mm; size P.E.10; Clay 
Adams Co. Inc., New York), 35-40 cm long, with one end bevelled and 
the other flared for connexion by means of a screw cap to one nozzle on 
a three-way Perspex tap (Armin & Grant, 1953). The second nozzle of this 
tap is connected by larger polythene tubing (internal diameter, 0-023 mm; 
size P.K.50) to the syringe of ‘a perfusion pump (see below). To the third 
nozzle is attached a short length (1 cm) of tubing (size P.E.50) with a 
flared open end into which a blunt syringe needle may be fitted; this 
tubing can be connected to a capacitance manometer for blood pressure 
measurements and through it blood samples may be obtained or fluids 
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injected. The two catheters are threaded through a closely coiled stainless- 
steel wire spring (24 S.w.G.; coil internal diameter 3 mm; length 18 cm). 
The last coil at the end distal to the three-way tap is expanded to a diameter 
of 10 mm and covered with polythene tubing. The syringe and connected 
catheters are filled with saline and freed from air. __ 

Through a } in. (13 mm) incision at the back of the neck the catheters 
are passed through a passage in the subcutaneous tissues to a second 
} in. incision at the front of the neck. They are inserted for a distance of | 


1-3 em into the carotid artery and external jugular vein previously isolated 


F 


Text-fig. 5. Diagram of infusion pump, syringe and polythene tubing connexion; 
details given in text. 


on one side, and each secured in place with two ligatures. The saline in- 
fusion is then started and the anterior neck wound closed. The expanded 
end of the spring is fixed beneath the skin in the dorsal incision by a 
purse-string suture and the remainder of the incision is closed. The rat is 
then transferred to the cage. | 

The cage and attachments (Plate 1). A wire cage (45x 30x 15 em) 


is divided into two compartments and provided at its sloping front with ~* 


a common door opening downwards. It rests on a metal stand which also 


' supports at one side the two perfusion pumps. At the centre of the top 


of each compartment is a hole (3 x 3. cm?) above which is a gantry con- 
sisting of two vertical brass rods (10 cm x 0-6 cm) joined at the top by 
a horizontal Perspex plate (Plate 1). Between, and moving up and down 
at its slotted ends upon these rods, is a Perspex bar, in the centre of which 


is a slot whose width can be adjusted with a screw; the upper end of the 
11-2 
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coiled spring is fixed in this slot. The centre section of the horizontal bar 
is free to move about a horizontal axis in the plane of the vertical rods, 
and is suspended by a cord running over a pulley in the Perspex plate 
above and attached to a counterweight. Once the three-way taps have 
been closed and disconnected from the tubes leading to the infusion pump, 
they can be passed through the hole in the roof when the anaesthetized 
catheterized rat is transferred to the cage. The upper end of the coiled 
spring is fixed in the movable horizontal bar. The taps are screwed into 
position on the horizontal Perspex plate and reconnected to the pump for 
immediate infusion with saline. This system allows the rat to move about 
the cage, the coiled spring moving up and down freely without exerting 
tension or pressure on the rat’s neck. The only movement which is re- 
‘ stricted is rotation of the coiled spring about its own axis, but the animal 
soon learns not to turn round too often in one direction. 

Immediately beneath each compartment of the cage is fitted a removable 
celluloid funnel with a rectangular top of the same dimensions as the base 
of the compartment. Below the funnel spout stands a conical flask 
(50 ml.) around the mouth of which are three small teeth. Resting on these 
teeth is a pear-shaped glass ball whose diameter is slightly greater than 
that of the mouth of the flask and whose pointed end is directed into the 
flask. Faeces emerging from the funnel strike this ball and fall clear, 
whereas urine passes round and is collected in the flask beneath. To prevent 
urine escaping from the cage, a strip of celluloid (5 cm wide) runs round 
the bottom of each compartment at an angle of 45°. Above this celluloid 
strip the tube from a water bottle projects into each compartment. 

Perfusion pump with variable gears (Text-fig. 5). The following apparatus 
has proved convenient and reliable for the prolonged infusion of small 
amounts of fluid into small animals. The whole is mounted on a duralumin | 
base plate (13 x 36 x 0-5 cm). A is a synchronous motor (‘Sectric’ heavy- 
duty clock motor, No. 55697; Smith, London) giving one shaft revolution 
per minute. The shaft is connected to B, a combination gear train giving 
7 stages from a direct drive, by 2 to 1 reductions to a final reduction of 
64 to 1. The small wheel C selects the gear required and transmits the drive 
to a pair of gear wheels D, which can be changed at will from direct drive, 
to 3 or 5 to 1 reduction or 1 to 3 or 5 increase. D drives the shaft H which 
_ in turn drives the pair of screws F’, 20 threads to the inch. Between the 
screws is the ram G on each end of which is a spring-loaded shaft ending in 
a half-nut H which fits on to the screws. Mounted on the underside of 
one of the half-nuts is an adjustable screw K, so arranged that when the 
ram is near the end of its traverse, it impinges on the arm L of a switch 
(Microswitch V3ML; Burgess Products Co. Ltd., Gateshead) mounted 
underneath the base plate, which breaks the current to the motor and 
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lights a warning lamp M or rings a bell. N is a pair of parallel duralumin 
plates with slots cut in the opposing faces to hold two 0-64 cm Perspex 
slides O. The slides have U-shaped cut-outs into which glass syringes fit 


snugly. Those now in use can accommodate four 1 ml. syringes, three 


2 or 5 ml., two 10 or 20 ml. or one 50 ml. syringe. The Perspex cap joining 
the syringe nozzle to the polythene tubing used for infusion is shown 
exploded at P. A Perspex cap fits over the syringe nozzle and ends in a 
screw. The end of the polythene tube is passed through a cap nut and 
flared with gentle heat. The cap nut is then screwed on to the Perspex 
cap. The syringe piston must fit snugly in the barrel and should be ground 
throughout its length. The piston is lubricated with silicone high-vacuum 
grease (W. Edwards and Co. Ltd., London). These measures prevent loss 
of fluid between piston and barrel. The gearing leads to a forward drive 
of the ram of from 381 to 0-238 mm/hour. The volumes delivered by the 
various syringes can therefore range in 210 steps from about 232 to about 
0-004 ml./hr. 
REFERENCE 


Arn, J. & Grant, R. T. (1953). The artery of the denervated rabbit's ear as a sensitive 
pharmacological test object. J. Physiol. 121, 593-602. 


EXPLANATION OF PLATE 
PLATE 1 
Fig. 1. Cage for infusion of conscious rats; for details see text. 
Fig. 2. Gantry fixed above cage for support of coiled spring carrying catheters and attach- 


ment of three-way taps; for details see text. 
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THE EFFECTS OF SUBCUTANEOUS FAT AND OF PREVIOUS 
EXPOSURE TO COLD ON THE BODY TEMPERATURE, 
PERIPHERAL BLOOD FLOW AND METABOLIC 
RATE OF MEN IN COLD WATER 


By W. R. KEATINGE* 


From the Medical Research Council Department of Experimental M Giicine, 
University of Cambridge 


(Received 1 Apri 1960) 


Individual fat men have been observed to lose less heat seas thin men 
in cold surroundings (Winslow, Herrington & Gagge, 1937; Pugh & 
Edholm, 1955; Carlson, Hsieh, Fullington & Elsner, 1958; Keatinge, 
1959). It has been reported that men maintained their peripheral blood 
flow better when exposed to cold sitting still indoors, after a period of 
physical training in a cold climate, than they did in a similar experimental 
exposure to cold before this period of training in a cold climate (Brown & 
Page, 1952-3; Keatinge & Evans, 1958). In the present experiments men 
with a wide range of fat thickness have been immersed repeatedly for 
periods of 30 min in water at 15° C, in order to determine whether their 
falls in deep body temperature during immersion depended mainly on the 
thickness of their subcutaneous fat or mainly on their peripheral blood flow, 
and whether these falls were increased by exposure to cold or by exercise 
earlier in the day. 

Reports about the effect of acclimatization to cold on men’s metabolic 
rates in the cold have been conflicting (Burton, 1941; Adolph & Molnar; 
1946; Le Blanc, 1956) but it has been found (Keatinge, 1959) that re- 
peated brief immersion in water at 15° C reduced men’s over-ventilation 
and increase in heart rate, as well as their metabolic rate, during such 
immersion. Metabolic rates have been measured in the present experi- 
ments in the hope of throwing light on the mechanism and significance of 
such changes. The experiments have also provided information about the 
_ method by which the metabolic rates of fat and thin men were adjusted 
to their differing rates of heat loss in the cold. 


* Elmore Student. 
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METHODS 


The subjects were twelve heaJthy naval ratings, all volunteers, aged between 18 and 28. 
They came in groups of four and each group was studied over a period of 3 weeks. On the 
first day their heights and weights were measured, their subcutaneous fat thicknesses were 
estimated by Harpenden callipers (Edwards, Hammond, Healey, Tanner & Whitehouse, 
1955) at the sites used previously (Keatinge, 1959) and they were given practice in wearing 
the masks used for the immersion experiments. 

All immersions were made in an indoor tank, 8 ft. long and 4 ft. (1-22 m) wide and deep, 
which has already been described (Keatinge, 1959). During the next 3 weeks each man was 
repeatedly immersed up to his shoulders in this for 30 min at a time. The water was always 
at 15+0-1° C and was vigorously stirred mechanically; while immersed in it the man sat 
on a slatted wooden seat, wearing only very brief cotton bathing trunks, a helmet anda 
mask. Under these conditions the temperature of the immersed skin was shown to fall in 
2 min to within 1° of 15° C (Keatinge, 1959). Before immersion each man sat unclothed for 
at least 30 min in the room, which was maintained by a thermostat at 29+1°C in all 
except the ‘initially hot’ and ‘initially cool’ experiments. 

The man’s rectal temperature was followed by a thermojunction enclosed in semi- 
rigid plastic tubing and inserted 11 cm from the anus. The cold junction was in a vacuum 
flask of ice and water and the e.m.f. was measured by a potentiometer ; readings were accurate 
to the nearest 0-05° C. The air expired during the first 10 and last 20 min of the 30 min 
immersions was collected separately by masks and either passed into a Max Planck Institute 
Respirometer or into Douglas bags. Its oxygen deficit was then measured by a Hartmann 
and Braun automatic analyser. The meter was accurate to + 1 % and the analyser to + 2%. 
The same meter was used to measure the volume of gas in the Douglas bags when the latter 
were used. The metabolic rates were then calculated by the method of Weir (1949). These 
rates, particularly those determined over the first 10 min of immersion, were subject to 
error, for the men were not in a steady state of oxygen exchange, but this error can only have 
been small and was presumably consistent for the same individual in different experiments. 
The oxygen deficit of the expired air was used as an indication of the degree of over- 
ventilation in relation to oxygen consumption. An electrocardiograph record was obtained 
from waterproof leads on the wrists for the whole of the first 15-70 sec of immersion, and 
subsequently for the first 15 sec of every minute. In order to estimate peripheral blood flow 
during immersion a heat-flow disk (Hatfield, 1949) was stuck by ‘Nobecutane’ (Evans) to 
the dorsum of the terminal phalanx of the index finger of the right hand and supported by 
a rubber band around its base. This finger was immersed in the tank for 10 min before the 
start of each experiment to permit an estimate of blood flow in the finger to be made just 
before immersion, when there was no general cooling of the body. ° 

During either their 2nd or their 3rd day each man was immersed twice. Before one of 
these immersions (initially cool) the room temperature was 24-27° C, and before the other 
(initially hot) was 38-39° C. The men sat in the room at these temperatures for 30 min 
before immersion, and at the higher temperature they were alwayg sweating before im- 
mersién, Subjects with odd numbers were immersed in the morning with the room hot, and 
then in the afternoon of the same day with the room cool; those with even numbers were 
immersed in the opposite order.. : 

During the next 8 days each man was immersed regularly every second day, always in 
the afternoon between 2.30 and 4 p.m, During the mornings before an immersion, the men 
either (a) sat still, normally clothed, in a warm room at 23+ 2°C, (b) sat still, wearing only 
shorts, in a room at 5° C, (c) did a stepping exercise (18 cm, 24/min) in the warm room or 
(d) in the cold room. They sat in the cold room, or did the exercise, for three periods of 
50 min during the morning, with two 10 min breaks in which they rested in the warm. The 
iast of the periods finished at 11.45 a.m. The men were able to hold a fixed bar during the 
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stepping exercise, and so to use their arms as well as their legs. These four experiments 
were crossed over in a ‘Latin Square’ pattern for each group of four men. Two men in the 
second group, however, were injured in a car accident during the second week, and had to 
be dropped from the later experiments; the results from the two remaining men are only 
fully ‘crossed-over’ as regards comparison of the effect of ‘warm’ and ‘cold’ mornings, and 
results are available on only eight men for comparing the effect of ‘working’ and ‘still’ 
mornings. In most of the tables the means of the results for these eight men are given as well 
as the means for all the men, in order to facilitate a general comparison of the results 
from all types of experiment. The order in which each man went through each group of 
experiments is shown in Table 3. The men took no exercise on the day of an immersion 
except for that prescribed; they were always driven from the naval unit where they lived 
to the laboratories, and were kept under observation on the. mornings before immersions. 

In the statistical analysis all the results were assumed to be normally distributed except 
values for heat loss from the finger, which frequently included a number of values much 
higher than the mean and were therefore subjected to non-parametric analysis by the sign 
test. 


TaBLE |. Ages, heights, weights and fat thickness of the subjects 
Skinfold thickness (mm) 


Sub- Average 
: _ Age Height Weight scapular Abdomen Biceps Subcostal for 
Subject (years) (cm) (kg) (means of 4 determinations) subject 
1 18 175 88-4 35-9 31-2 9-3 30-9 26-8 
2 23 167 69-4 10-9 8-2 3-8 9-3 8-1 
3 23 178 67-1 14-0 12-9 3-7 14-4 11-2. 
4 22 176 66-2 6-5 6-0 2:8 6-2 5:4 
5 19 170 61-7 8-6 6-6 3:4 7-0 6-4 
6 18 174 63-7 8-3 8-8 3-8 7:5 71 
7 19 183 86-6 13-1 13-9 6-1 11-1 11-1 
8 19 169 64-4 8-3 8-3 3-4 8-7 7:2 
9 22 181 63-9 5-6 4-9 2°5 4-4 4:4 
10 22 180 73°5 9-6 71 3-8 6-7 6-8 
1] 19 176 73-0 11-9 10-5 5-3 10-8 9-6 
12 19 171 67-1 8-2 6-7 3:7 7:2 6-5 
Mean 20-3 175-0# 70-42 11-74 10-43 4-30 10-35 9-22 
RESULTS 


Table 1 gives the ages, heights and weights of the subjects and their 
skinfold thicknesses; each skinfold thickness reading represents the mean 
of four readings at each site, two from each side of the body. Subject 1 
had by far the greatest mean skinfold thickness, 26-8 mm, and was also 
the heaviest, while the skinfold thicknesses of the remaining men varied 
from 4-4 to 11-2 mm. 

Table 2 shows that when the men were exposed to an ambient tempera- 
ture of 38-39° C for half an hour before immersion their rectal tempera- 
tures at the time of immersion were on average 0-31° C higher, their skin 
temperatures 3-5° C higher, their heart rates were higher by 14-7 beats/ 
min and the rates of heat loss from their index fingers in water at 15° C, 
used as an index of blood flow, were always much higher than when they 
had previously been in a cool room. These differences were all significant, 
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often highly so. There were no significant differences in any of these 
measurements before different experiments in the subsequent four immer- 
sions, although the skin and rectal temperatures tended to be slightly 
higher after ‘warm’ than ‘cold’ mornings. 


TABLE 2. Rectal temperatures, skin temperatures, heart rates and finger heat loss before 
immersion. Sd =sample standard error of difference between two sets of results 


Activity during morning before immersion 
Initially hot Initially cool ‘Still, warm Still, cold Working, warm Working, cold 


Rectal temperatures (°C) 
' Mean (al) subjects) 37-98 37-67 37-80 37-70 37°81 37-17 
Range 37-45-38:50_  37:15-38-45 37-20-38-20 37-20-38-15  37-40-38-25  37-65-38-00 
: Difference Sd 0-133 P < 0-05 
Mean for subjects 38-00 37-68 | 37:74 37-71 37-83 37°78 
1-4 and 9-12 
Mean skin temperatures (°C) 
Mean (all) 35-80 32:30 34-58 34-35 34-86 34-73 
Range 34-24-3687  30-10-33:87  33-73-35-41 33-13-35-39 33-93-37°73  33-77-35-82 
Difference highly significant | 
Mean for subjects _ — 34-76 34-38 35°18 34-92 
1-4 and 9-12 - 
Heart rates (beats/min) 
Mean (all) 97-4 82-7 82-4 83-6 86-5 85-8 
Range 705-1143  55-5-104-2 15-9-93-4 70-8-102-9 71-4-96-8 69-0-106-7 
Difference Sd 3-40 P < 0-05 
Heat loss from index finger (cal/em?/min) 
Mean (all) | 0-318 0-016 0-121 ~ 0-051 0-079 0-048 
Range 0-070-0-'911 0-014-0-666 0-009-0:105 0-021-0-158  0-018-0-082 
Difference highly significant 
Mean for subjects — - 0-052 0-045 0-075 0-046 


1-4 and 9-1 


Tables 3 and 4 show that the rectal temperatures fell faster in the water 
when the men were initially hot than when they were cool. The difference 
was significant but it was small, and even at the end of the experiment 
the rectal temperatures were still higher when the men were hot than when 
they were cool at the time they were immersed. The tables also show that 
the falls in temperature were not significantly altered by exercise or 
exposure to cold during the morning before immersion, and that although 
the temperatures of different men fell at very different rates, the fall in 
the rectal temperature of each man varied little in these four experiments. 
Figure 1 shows that the average fall in the rectal temperature of each man 
during these four immersions was closely dependent on his mean skinfold - 
thickness; there was an approximately linear relationship, which was 
highly significant (P < 0-001), between the men’s falls in temperature 
and the reciprocal of their mean skinfold thickness. The relationship is 
given by the equation AJ’ = 11-7/F —0-62, where AT is the fall in rectal 
temperature (°C) and F the mean skinfold thickness (mm). 

Table 5 shows that 8 min after immersion the rate of heat loss from the 
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men’s index fingers was always very low; it always remained low until 
the end of the experiment. It was always greater when the men were hot 
than when they were cool at the time of immersion but was not affected 
by prior exercise or exposure to cold. Some small differences between the 
rate at which the men’s rectal temperatures fell in the latter experiments 
were associated with differences in peripheral blood flow. This is best 
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TABLE 3. Fall in rectal temperature (°C) during Ist 10 min of immersion 


Initially 
hot 


0-207 (1)* 
0:35 (2) 


Activity during morning before immersion 


0-10 (1) 


0-05 (3) 
0-10 (4) 
0-00 (1) 


(2) 
0-08 


0-08 


Still, 
col 


0-20 (1) 
0-10 (2) 
0-00 (3) 
0-10 (4) 


0-06 
0-09 


warm 


0-15+ (2) 
0-15 (1) 


0-11 
0-13 


cold 
0-107 (2) 
0-15 (1) 
0-10 (4) 
0-30 (3) 
0-35 (2) 


0-05 (4) 


0-20 (2) 
0-00 (1) 
0-00 (4) 
0-00 (3) 
0-11 


0-08 


Working, Working, Mean for 
individual 


0-04 
0-13 
0-03 
0-24 
0-11 


* Numbers in brackets indicate order in which experiments were made on each man in 


Subject 


subjects) 


~ 


Initially 
ool 


hot 


Difference Sd 0-0415 P < 0-025 


Mean for 


subjects 
1-4 and 
9-12 


0-90 


0-75 


each series. ¢ After a number denotes a rise in temperature. 


TABLE 4. Fall in rectal temperature (°C) between 10th and 30th minute of immersion 


Activity during morning before immersion 


Still, Still, Mean for 
warm cold co individual 
0-10 0-10 0-15 0-10 0-11 
0-95 0-80 1-00 0-85 0-90 
0-45 0-25 0-10 0-40 0-30 
1-40 1-50 1-80 1-45 1-54 
1-00 0-85 00 0-80 0-91 
0-50 0-60 0-50 0-45 0-51 
2-05 2-00 2-35 2-00 2-10 
0-95 1-10 0-70 0-75 0-88 
0-30 0-10 0-25 0-15 0-20 
0-70 0-40 0-65 1-05 0-70 
0-84 0-77 0-85 0-80 — 
0-86 0-78 0-88 0-84 —_ 


VN 


= 
‘Still, 
0-05 (2) 0-05(3) 010(1) 0-10 (4) 
2 0-30(1) 0-05(4)  0-20(2) 0-10 (3) 
3 0:40 (1) 0-05(2) 005(1) 0-20 (3) 0-15 (2) | 
4 0-45 (2) 0-35 (1) 0-20(2)  0-20(4) 0-25 (1) 
5 0-05¢ (1)  0-25(2) 0-10(3) 0-05¢ (1) 0-05 (4) 
6 0-30 (2) 0-20 (1) — 
7 (1) 0-00 (2) 0-00(3) 0-05(2) 005 
9 0-60 (1) 0-40 (2) 0-30 (4) 0-19 
| 10 0-40 (2) 0-10 (1) 0-10 (3) 0-08 
ll 0-05¢ (1) (2) 0-04+ 
12 0-45 (2) 0-25 (1) 0-09 
Mean (all 0-23 0-17 
subjects) 
Mean for 0-30 0-19 
subjects 
1-4 and 
9-12 = 
| 
0-15 0-10 | 
| 2 0-10 0-85 
3 0-55 0-55 2 
4 1-35 1-20 i 
5 0-85 0-80 
6 0-80 0-85 
| 7 0-55 0-15 
8 0-65 0-75 
9 2-15 1-95 
10 0-80 0-66 
11 0-30 0-05 
12 0-80 0-70 
| Mean (all 0-84 0-71 { 
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Reciprocal of mean skinfold thickness (mm~') 
Fig. 1. The relationship between the men’s subcutaneous fat thickness and their 
fall in rectal temperature during the 30 min immersions in stirred water at 15° C. 
(‘Mean skinfold thickness’ is the mean of sixteen readings at four standard sites. 
‘Fall in rectal temperature’ is the mean fall in the man’s last four immersions.) 


TaBLeE 5. Rate of heat, loss (cal/em?/min) from the index finger 
8 min after immersion 


Activity during morning before immersion 


Initially Initially Still, Still, Working, Working, Mean for 


Subject hot  eold warm cold warm cold _ individual 
1 0-004 0-000 0-002 0-000 0-002 0-002 0-002 
2 0-007 0-004 0-002 0-005 0-005 0-000 0-003 
3 0-014 0-004 0-005 0-002 0-000 0-002 0-002 
4 0-009 0-000 0-002 0-004 0-004 0:004 0-004 
5 0-002 0-000 0-002 0-005 0-002 0-002 0-003 
6 0-014 0-000 — — 
7 0-012 0-000 0-026 0-011 0-021 0-008 0-017 
8 0-014 0-000 —- 
9 0-014 | 0-000 0-002 0-000 0-002 0-002 0-002 
10 — 0-012 0-002 0-002 0-014 0-002 0-007 0-006 
i] 0-012 0-000 0-004 0-002 0-000 0-004 0-003 
12 0-014 0-004 0-002 0-002 0-007 0-004 0-004 
Mean 0-011 0-001 0-005 0:005 0-005 0-003 
highly 
Mean for 0-004 0-003 0-003 — 
svbjects 
and 
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illustrated by the results from subjects 3 and 7, who had an almost 
identical skinfold thickness; subject 7 suffered the larger falls in tempera- 
ture and had appreciably higher heat losses from his finger. | 

Tables 6 and 7 give the men’s metabolic rates during immersion. These 
were considerably lower, both in the first 10 min and in the subsequent 


TaBLE 6. Metabolic rates (kcal/min) during Ist 10 min of immersion 
Activity during morning before immersion 


Mean for 
Initially Initially Still, Still, | Working, Working, kcal/ kcal/ 
Subject hot cool warm _ cold warm cold min m?/min 
1 2-88 3°43 266 2-87 2-54 3°13 2-80 1-38 
2 2-34 2-61 1-89 2-28 2-05 2-27 2-12 1-20 
3 2-71 3-88 2°77 3-43 3°30 3-19 3°17 1-73 
4 3°36 4-19 4-05 3-85 4-09 3-59 3-90 2-17 
5 2-13 2-54 2-41 2-92 2-34 2-84 2-63 1-55 
7 2-33 2-40 2-42 2-57 2-37 2-50 2-47 1-18 
9 4-44 4-69 3-82 4-62 4-02 4-57 4-26 2-37 
10 3-83 6-34 3°74 4-58 3-53 4-21 4-02 2-10 
11 3-05 3-94 2-74 3-63 3-27 3-42 3°27 1-74 
12 2-27 2-48 2-46 2-75 2-28 2-87 2-59 1-46 
Mean (all 2-81 3°37 2-90 3°35 2-98 3-26 —- — 
subjects) _ _ Difference Difference _ Difference 
Sd 0-225P < 0-05 Sd0-111P < 0-005 Sd 0-119 P < 0-01 
Mean for 3-11 3°95 3-02 3°50 314 3-41 — 
subjects 3 Difference 
1-4 and Sd 0-134 P < 0-01 
9-12 | 


TABLE 7. Metabolic rates (kcal/min) between 10th and 30th min of immersion | 


Activity during morning before immersion 


Mean for individ 
Initially Still, Still, Working, Working,  (kcal/ (keal| 
00. 


Subject hot c 


2-25 2-82 1:83 2-64 1-77 2-75 2-25 lll 
2-29 2-35 1:80 1-56 1-55 3-22 2-03 1:15 
4-22 4-96 3-36 2-65 2-52 3-55 3-02 1-65 
5-89 6-07 5-66 6-62 5-68 6-31 6-07 3-37 
6)... £33 4-28 4-64 3-52 3-98 4-11 2-42 
2-26 1-92 1-94 2-28 1-86 2-20 2-07 0-99 
1-67 2-98 — — 
5°55 5:64 4-50 4-89 5-03 5-31 4-93 2-74 

© 559 8-50 6-36 6:99 6-07 5:76 6-30 3-30 
3-38 3-69 2-92 3-73 3°53 1-88 
2-34 2-74 2-22 2-83 2-88 $32 1:52 
3-42 4-07 3-49 3-92 3-43 3-96 — — 
_. Difference _ Difference _ Difference 

Sd 0-293 P < 0:05 Sd 0-178 P < 0:05 Sd 0-181 P < 0-025 

3-94 4-60 3-58 4-04 3-61 4-18 — — 


_ Difference 
Sd 0-227 P < 0-05 


warm cold warm cold min) m?/min} 
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20 min of immersion, when the men were initially hot than when they were 
initially cool. They were also significantly lower after a morning in the 
warm than in the cold room, but work during the morning before im- 
mersion did not alter them significantly. These tables give the mean 
metabolic rate of each man during both the first 10 and the 20 min of his 
last four immersions and show that the thin men generally had higher meta- 
bolic rates in the water than the fat men. In the first 10 min the metabolic 
rate expressed as kcal/m?/min (surface area calculated from height and 
. weight by the nomogram of Hawk, Oser & Summerson (1947)) depended 
| comparatively little on the fat thickness of the individual (slope of line 
in b = 5-26 kcal/min/(fat thickness, mm)-!, P < 0-05), and there were large 
'| and fairly consistent individual differences in metabolic rate which were not 
related to fat thickness or to the fall in rectal temperature. For example, 
: subject 11 had a higher metabolic rate than subject 12 in every experiment, 


a TaBLE 8. Oxygen deficit of expired air, and change in heart rate and 
ventricular extrasystoles during immersion ~ 


Activity during morning before immersion 


Initially hot —_ Initially cool Still, warm Still, cold Working, warm Working, cold 
Oxygen deficit of air expired during Ist 10 min of immersion 


Mean 2-68 3-06 2-85 2-98 2-84 3-02 
Range 1-53-4-04 167-410 206428 232401 2:17-4-01 2-02-4-16 
Difference Sq 0-136 P < 0-025 
Oxygen deficit of air expired between 10th and 30th minute of immersion 
Mean 4-01 4-04 4-02 3-91 3-89 4-09 
Range 223-510 270-442 354-460 313464 303460 2744-83 
Change in heart rate during Ist minute of immersion. 
Mean +86 + 166 +99 + 15 + 88 + 110 
Range — 9-0 to — 5-4 to —195to —243to —-173to 
+ 19-2 + 50-1 + 29-8 + 34-2 + 34-9 + 33-6 
tu Ventricular extrasystoles 15-70 sec after immersion 
Total number 2 9 9: 3 0 
. No. of men who 1 5 3 1 0 3 
i developed them 
5 both in absolute terms and in relation to surface area, in spite of his smaller 
: falls in rectal temperature and greater fat thickness. In the last 20 min of 
2 immersion, although these individual differences persisted, the metabolic 
9 rates of the thin men rose while those of the three fattest men fell some- 
, what, and the men’s metabolic rate was considerably more affected by their 
0 fat thickness (slope of line b = 11-84 kcal/min/(fat thickness, mm)~’, 
; P < 0-025). In the first 2-3 min of immersion only occasional irregular 


bursts of shivering were seen; the thinner men then started to shiver 
steadily and with progressively greater intensity as the experiment pro- 
ceeded. All except those with the largest falls in temperature ceased to 
shiver immediately they left the tank. 

Table 8 shows that the oxygen deficit of the expired air was significantly 
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lower during the first 10 min of immersion, though not in the next 20 min, 
when the men were initially hot than when they were initially cool. The 
men’s change in heart rate was not significantly affected by their initial 
thermal state. Work and exercise on the morning before immersion had 


no significant effect on either the oxygen deficits or on the change in — 


heart rates, and neither of these changed significantly with successive 
immersions. The table also gives the number of ventricular extrasystoles 
recorded between 15 and 70 sec after immersion; only those which could 


be identified with confidence as grossly abnormal ventricular complexes 


are recorded. Six men developed a total of 31 ventricular extrasystoles 
during this period, but their numbers are too few to draw conclusions about 
their frequency in different types of experiment. Extrasystoles were 
observed later in immersion and before immersion in only one man, 
subject 3; none were observed on this man between the 15th and 70th 
seconds of any immersion. 
DISCUSSION 

It is clear that the rate at which each man’s rectal temperature fell during 
these immersions depended principally on the thickness of his sub- 
cutaneous fat. The fact that the relationship between their falls in tem- 
perature and the reciprocal of their fat thickness was approximately linear, 
small differences of fat thickness in thin men having a proportionately 
large effect on their fall in temperature, implies that skin and subcutaneous 
fat provided a major part of even the thin men’s total tissue insulation. 
Presumably the insulation of their deeper tissues was low during these 
experiments as a result of a high muscle blood flow; Burton & Bazett 
(1936) have shown that shivering causes a decrease in total body insulation, 
presumably by this means. Extrapolation of the line relating fall in 
temperature to reciprocal fat thickness (see Fig. 1) suggests that an 
infinitely fat man would have increased his temperature by 0:62° C; this 
is almost the increase that would be expected in 30 min for a totally in- 
sulated man of 85 kg with a metabolic rate of 2-0 kcal/min, allowing for 
some respiratory heat loss. (In practice such a rise would presumably 
cause vasodilatation and so limit itself; this may have happened to some 
extent with subject 1, the fattest.) This, together with the fact that blood 
flow in the men’s fingers virtually ceased within a few minutes of immersion, 
suggests that their skin and subcutaneous fat had a low blood flow and 
provided nearly their maximal insulation under the conditions of these 
experiments. However, peripheral blood flow was maintained somewhat 
better when the men were hot than when they were cool before immersion, 
and was probably responsible for their slightly more rapid falls in rectal 
temperature when they were hot; their lower metabolic rates when they 
were hot probably tended to reduce their falls in deep temperature 


in 


(K 
be 
| rec 
: fat 

im 
: mé 
4 ime 
| 
| dis 
shi 
| 
by 
ev 
tw 
by 
rey 
ha 
a cu 

cu 
an 
tir 
co 
de 

to 
pt 
th 
| p 
my 
du 


TEMPERATURE AND SUBCUTANEOUS FAT 175 


(Keatinge, 1959). Differences in peripheral blood flow also appeared to 
be responsible for some individual differences in the rate of fall of the 
rectal temperature, but they were much less important than re 
fat thickness in this respect. . 

The large number of ventricular extrasystoles in the first 70 sec of the 
immersions confirms the previous observation (Keatinge, 1959) that they 
may occur on sudden immersion in cold water. They provide evidence of 
increased cardiac irritability, and the probable causes of this and its 
possible bearing on the problem of sudden death in cold water have been 
discussed already. = | 

A fall in deep temperature, without cutaneous stimulation, can cause 
shivering (Sherrington, 1923-4), but observations that rats (Davies & 
Mayer, 1955), dogs (Good & Sellers, 1957a, b) and man (Uprus, Gaylor & 
Carmichael, 1935; Spurr, Hutt & Horvath, 1957) can be made to shiver 
by cutaneous cold when their deep body temperatures are unchanged or 
even raised have been regarded as evidence that the effect of deep tempera- | 
ture is of little importance in the metabolic response to cold. In the 
present experiments the importance of cutaneous stimulation was shown 
by the fact that men often ceased to shiver as soon as they left the water, 
in spite of moderate falls in rectal temperature. However, Carlson (1954) 
reported that men exposed to cold air shivered more readily when they 
had drunk cold water than when they had not, and the present experiments 
provide further evidence that the intensity of the metabolic response to 
cutafpous cold is greatly reduced by a small increase in the deep body 
temperature; cutaneous stimulation must have been greater, if anything, 
when the men were initially hot, but their metabolic rate was lower. 
Since the men’s early response to cold was poorly related to their sub- 
cutaneous fat thickness and to their subsequent falls in rectal temperature, 
and there were large individual differences in metabolic rate during this. 
time which were not related to either, their metabolic response to cutaneous 
cold clearly was poorly adjusted to their need to produce heat. As their 
deep temperatures fell the metabolic rates of the thin men increased and 
a continuing fall in deep temperature must ultimately have caused them 
to increase until each man achieved thermal balance, if balance was 
possible. The effect of a fall in deep body temperature would, then, 
presumably be the principal factor enabling the thin men to achieve 
thermal stability in a cold environment. These experiments, therefore, 
provide evidence that deep receptors play the main part in adjusting the 
metabolic rates of fat and thin men to their differing rates of heat loss 
during prolonged exposures to cold. 

The men’s metabolic rate during immersion was also substantialiy 
increased by exposure to cold earlier in the day. By the time of immersion 
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both their skin and rectal temperatures had returned to much the same 
level after ‘cold’ as after ‘warm’ mornings, but even the small and 
statistically insignificant difference in average temperatures that was still 
present might indicate a small but real difference in hypothalamic tem- 
perature and the possibility that a persistent change in hypothalamic 
temperature was responsible for the effect of a morning in the cold 
cannot be entirely excluded. The increased metabolic response in water 
after a morning in the cold room was not a consequence of the muscular 
work of shivering in the cold room, since a similar period of moderate 
exercise in the warm had no such effect. 

This increased metabolic rate in the water produced by exposure to cold 
air earlier in the day contrasts with a diminution in metabolic response 
produced earlier by repeated brief immersions in water at the same tempera- 
ture (Keatinge, 1959). Such opposite modification of the metabolic 
response by different types of exposure to cold is unlikely to take place 
in the cutaneous receptors. It may be related to the men’s need to shiver 
or work in order to maintain their deep temperatures in the cold room, 
while shivering was certainly unnecessary and was probably, like work, 
undesirable during the brief immersions (Keatinge, 1959). The central 
nervous system would thus merely be modifying the metabolic response in 
the direction which was found to be appropriate in the previous exposure to 
cold. Brief repeated immersion of men in water at 15° C reduced their 
increase in heart rate and over-ventilation, as well as their metabolic rates, 
in the water; the heart rate and blood-pressure responses to immersion of a 
hand in either painfully hot or painfully cold water are also reduced by 
repetition (Glaser & Whittow, 1957; Glaser, Hall & Whittow, 1959), and 
such reductions may represent a general central nervous reaction to 
repeated brief unpleasant stimuli. In contrast, previous exposure to cold 
air in the present experiments increased the metabolic response to im- 


mersion without affecting other responses, probably through a conditioned 
reflex. 


SUMMARY 


L. The fall in the rectal temperature of each of ten young } men immersed 
motionless for 30 min in stirred water at 15° C varied little in successive 
immersions and was closely related to the man’s subcutaneous fat thickness 
by the equation 7 = 11-7/F —0-62 (where 7' = fall in rectal temperature 
in °C and F = mean skinfold thickness in mm, measured at four standard 
sites). 

2. The falls bore relatively little relation to the men’s finger blood flow, 
which was always low during immersions, but both were slightly greater 
when the men were hot than when they were cool at the time of immersion. 
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3. The men’s metabolic rates during immersion were substantially 
lowered by a small increase in their body temperatures at the time of 
immersion, and were increased by exposure to cold air, though not by 
moderate exercise, several hours before immersion. 

4. In the first 10 min of immersion the metabolic rates of thin men 
were little higher than those of fat men, and there were a number of 
substantial and consistent individual differences in metabolic rate which 
were not related to the individual’s fat thickness or to his fall in rectal 
temperature. In the last 20 min of immersion the metabolic rates of the 
thin men increased substantially but those of fat men did not. 


I am indebted to Professor R. A. McCance for his support, to Dr M. Evans for assistance 
in the collection of the expired air, to Dr R. Lawn for operating the electrocardiograph, 
and to the subjects for their co-operation. I am also indebted to Surgeon-Captain F. E. Ellis 
for his interest and for making available the naval volunteers. | 
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When human serum containing ™1I-labelled thyroxine is subjected to 
electrophoresis on paper strips in barbiturate buffer, it has been found 
(Gordon, Gross, O’Connor & Pitt-Rivers, 1952) that, at physiological 
concentrations, thyroxine is bound in the main to a thyroxine-binding 
protein (TBP). This has an electrophoretic mobility which lies between 
those of the «,- and «,-globulins. 

As the thyroxine concentration is raised above physiological levels, a 
steadily increasing proportion of the thyroxine is bound by albumin 
(Robbins & Rall, 1955; Dowling, Freinkel & Ingbar, 1956). Sera from 
other mammals show similar behaviour but Tata & Shellabarger (1959) 
find that in birds, for fowl and duck, TBP is absent and thyroxine binding 
occurs only in the albumin zone. : “e 

In paper-strip electrophoresis only small volumes (0-05—0-1 ml.) of serum 
can be applied to the paper. In consequence, accurate quantitative 
estimation of those protein constituents which are present in very low 
concentration is particularly difficult. Moreover, measurement of the 
distribution of radioactivity on the strip by scanning with a Geiger-Miiller 
tube is also handicapped by the low sensitivity of the tube to y-radiation. 
This low sensitivity limits the permissible fineness of the end-window slit 
and so hinders resolution. At low thyroxine concentrations competitive 
absorption of the thyroxine by the paper itself may cause further difficulties. 
It was therefore decided to investigate the binding of thyroxine by the 
technique of electrophoresis on cellulose columns (Porath, 1956; Gedin & 
Porath, 1957). These are capable of handling large volumes of serum 
(36-20 ml. or more) and any radioactivity associated with the eluted 
protein fractions can be determined in a well-type scintillation counter 
with high sensitivity to y-radiation. We have also used a variety of buffers 
for the electrophoretic fractionation. ; 


7 METHODS | 
Labelling of thyroid hormones with ‘I, Adult male rabbits (2-3 kg) were given an intra- 
peritoneal injection of 0-25 me of carrier-free '*"I as iodide ; 48 hr later the animals were bled 
and the serum separated. In experiments with thyrotrophic hormone, the animal received 
- tho usual dose of 481; 48 hr later it was given a single intramuscular injection of 5 U.S.P. 
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units of thyrotrophic hormone (Armour) in 0-5 ml. of NaCl soln. 0-9 % (w/v). After a further 
26 hr the serum was collected. 

Isolation of labelled thyroid hormone from serum. Serum from the 1*'I-treated animals was 
dialysed for 36 hr at 5° C against 21. borate-phosphate buffer, pH 8-6. 3 ml. of the dialysed 
serum was extracted 4 times with n-butanol: 0:3 mg thiouracil was added to the combined 
butanol extract (16 ml.) which was then evaporated to dryness at 45°C in a stream of N,. 
The residue was taken up in 0-4 ml. of a mixture of ethanol (1 vol.) and 2n-NH,OH (4 vol.), 
and subjected to ascending chromatography on Whatman No. 1 paper, solvent system 
n-butanol (10 vol.), ethanol (2 vol.) and 2n-NH,OH (4 vol.). Marker spots of L-thyroxine 
and of the extract were located on the chromatogram with ninhydrin. The main body of the 
chromatogram was cut into narrow strips for serial determination of radioactivity in the 
scintillation counter. A single peak of radioactivity was detected: the active material in the 
relevant strips was extracted with n-butanol and rechr tographed, using as solvent 
system 2,4,6-collidine (100 vol.) and water (35 vol.) in an atmosphere of NH,. Estimation of 
radioactivity in serial strips of this second chromatogram again showed a single peak corre- 
sponding in position with a marker spot of L-thyroxine. 

Identification of L-thyroxine in pre-albumin fractions. Combined pre-albumin fractions 
from the electrophoresis of 10 ml. human serum containing 8 yg of added labelled thyroxine 
were concentrated to 2 ml. under reduced pressure at 40° C in a stream of N,. The concentrate 
was extracted with n-butanol as described for rabbit serum; the butanol extracts, which 
contained 90 % of the radioactivity of the pre-albumin fractions, were concentrated and the 
majority of the concentrate applied as a single spot to Whatman No. | paper for ascending 
chromatography with solvent system n-butanol (10 vol.), ethanol (2 vol.) and 2N-NH,OH 
(4 vol.). The remainder of the butanol concentrate was mixed with authentic L-thyroxine 
and subjected to ascending chromatography in the same solvent system. Counting of serial 
strips of the first chromatogram revealed a single peak of radioactivity, which corresponded 
exactly with the position of two adjacent marker spots of L-thyroxine. In the second 
chromatogram the radioactivity (derived from the pre-albumin fractions) coincided exactly 
in position with the location of the ninhydrin reaction (due to the added carrier — 
No other radioactivity was detected in either chromatogram. 

Preparation of *1I-labelled thyroxine. L-Thyroxine labelled with '*4I was prepared in early 
experiments by the method of Gross & Leblond (1950) and in later experiments by the 
method of Critchlow & Goldfinch (1954). The final product from either method was further 
purified by chromatography with the butanol solvent system. As required, labelled 
thyroxine was eluted from the appropriate area of the chromatogram with 2 ml. 2n-NH,OH, 
and the eluate was reduced in volume to a small drop by evaporation at 37° C at reduced 
pressure in a stream of N,. When it was desired to increase the total thyroxine, the eluate 
of labelled thyroxine was supplemented with a portion of a solution of unlabelled thyroxine 
in 2N-NH,OH. The mixed sample was reduced in volume as described. 

Electrophoresis. 10 ml. of serum (rabbit or pooled normal human) was enaed to the 
concentrated thyroxine preparation and allowed to stand, with gentle agitation, for 1 hr. 
The serum in a cellophane sac was then dialysed during the night against 21. of buffer. 
After dialysis the volume of the serum was measured, 0-5 ml. removed for measurement of 
total radioactivity, and the known residual volume put on to the cellulose column for 
electrophoresis. Cellulose was prepared by the method of Campbell & Stone (1956) and the 
columns (150 cm long x 2 cm diameter) were similar to those described by Gedin & Porath 
(1957). Electrophoresis continued for 40-48 hr, usually at 2000 V. On completion, elution 
with buffer solution commenced at a rate of 5 ml. /10 min and eluted fractions were collected 
in an automatic fraction cutter. 

Buffer solutions. (i) Borate-phosphate: 2-34 g NaH,PO,. 2H,0 + 4-29 g Na,B,O,.10 H,O/!. 
(ii) Barbiturate: 1-23 g 5.5-diethyl barbituric acid + 6-87 g sodium 5.5-diethyl barbiturate/|. 
(iii) 1:56 g NaH,PO,.2H,0 + 0-399 g NaOH/I. 
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Measurement of radioactivity. Samples of the eluted fractions were counted in a well-type 
scintillation counter; counts were corrected for background and decay. 

Estimation of proteins. Two methods were used, (i) Weichselbaum’s (1946) biuret method, 
and (ii) the method of Lowry, Rosebrough, Lewis-Farr & Randall (1951) with the Folin— 
Ciocalteu reagent. Method (ii) was employed where the protein content of the fractions was 
in the range 0-150 yg/ml., i.e. below the sensitivity of the biuret method. In all cases - 
absorption at the appropriate wave-length was read on a Hilger spectrophotometer and the 
methods were calibrated against standard solutions of Armour’s crystalline bovine serum 
albumin. 
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Fig. 1. Distribution of protein (lower curves) and radioactivity (middle curves) 
after zone electrophoresis of 10 ml. rabbit serum in borate-phosphate buffer pH 8-6. 
® < indicates direction of electrophoretic migration. In (a) serum corftained a 
normal amount of thyroxine which was labelled in vivo by a tracer dose of **'I as 
iodide. In (6) serum was obtained as in (a) but after an injection of TSH. Upper 
curve in (a) and (6) is a plot of the ratios [radioactivity /fraction]: [protein/fraction]. 
Volume of each eluted fraction 3-5 ml. in (a), 4:0 ml. in (6). 


RESULTS . 


Rabhit serum 


Distribution of thyroxine in serum. Chromatography in two different 
solvent systems of the butanol extract of dialysed serum taken from a 
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rabbit after a tracer dose of #41 showed that more than 90 % of the total 
radioactivity was due to thyroxine (see Methods). Since no other localiza- 
tion of radioactivity was detected, the distribution of radioactivity in the 
protein fractions obtained by electrophoresis of the serum indicates the 
distribution of the thyroid hormone, i.e. thyroxine, normally present in 
rabbit serum. Figure 1 (a) illustrates the thyroxine distribution in a normal 
rabbit which had received a tracer dose of 1*4I and Figure 1 (b) the distribu- 
tion when the labelled serum was taken from an animal which had also 
received a single dose of thyroid-stimulating hormone (TSH). Electro- 
phoresis was carried out in borate-phosphate buffer pH 8-6. In both experi- 
ments the radioactivity /fraction rises sharply to a first peak which precedes 
the first (albumin) peak of the fractionated proteins. The radioactivity 
then falls sharply whilst the protein in the fractions is still rising. There- 
after the radioactivity declines more gradually until its final fairly steep 
fall to zero. The total radioactivity recovered in the fractions accounted in 
(a) for 93% and in (b) for 92% of the original radioactivity in the serum 
put on the column for electrophoresis. No radioactivity was found 
associated with fractions (not illustrated) which extended over the whole 
range of the B- and y-globulins. For each fraction the value of the ratio 
[radioactivity /fraction]: [protein/fraction] was calculated, and the values 
obtained, which give a measure of the amount of thyroxine bound/mg 
_ protein, are shown in the upper curves of Fig. 1 (a) and (b). Three features 
are evident. There is first a pre-albumin zone where the thyroxine bound/ 
mg protein reaches a peak in a protein fraction which has migrated ahead 
of the main bulk of the albumin. There follows an intermediate zone, 
extending over the crest of the albumin and for several fractions beyond, 
in which the amount of hormone bound/mg protein remains fairly constant 
at a considerably lower level. | 

Finally, the radioactivity/mg protein rises to a second maximum in the 
post-albumin region. In Fig. 1 (a), where the concentration of thyroxine is 
that normally present in rabbit serum, the maximum value for hormone 
bound/mg protein in the pre-albumin zone just exceeds the corresponding 
value in the post-albumin zone. Where the thyroid gland has been 
stimulated by TSH, the post-albumin maximum now exceeds that in the 
pre-albumin zone (Fig. 16). 

Figure 2 shows the results of fractionation of serum when the con- 
- centration of thyroxine was raised by the addition of labelled thyroxine 

0-9 g/ml. (Fig. 2a) and 1:9 wg/ml. (Fig. 26). The features already 
described are again obvious but it is now evident that, in the post-albumin 
zone the radioactivity /fraction shows a moderate (Fig. 2a) or marked rise 
(Fig. 26). This change is reflected in the values for the hormone bound/m¢ 
protein, which show that the post-albumin maximum value now definitel v 
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exceeds the corresponding pre-albumin level, by 1-5:1 in Fig. 2(a) and by 
4:1 in Fig. 2(6). Even at these elevated serum thyroxine concentrations 
we found no binding of thyroxine to the f- and y-globulin fractions, and 
the total radioactivity recovered in the fractions illustrated accounted for 
95:8 and 93% of the thyroxine in the serum put on the column for 
electrophoresis. 
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Fig. 2. Distribution of protein (lower curves) and radioactivity (middle curves) 
after zone electrophoresis of 10 ml. rabbit serum in borate-phosphate buffer pH 8-6. 
® < indicates direction of electrophoretic migration. In (a) 0-9 yg thyroxine/ml. 
and in (b) 1-9 ug thyroxine/ml. were added to the serum. Upper curves in (a) and 
(6) are a plot of the ratios [radioactivity/fraction]: [protein/fraction]. Volume of 
each eluted fraction 3-5 ml. in (a), 2-5 ml. in (b). 


_ In our hands the cellulose column with borate-phosphate buffer has not 
proved effective in separating the «,- and «,-globulins of rabbit serum and 
thus we cannot be certain that the rabbit post-albumin fraction which binds 
thyroxine has a mobility which is intermediate between those of the «,- and 
%,-globulins. But this post-albumin protein fraction certainly migrates 
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faster than the f-globulins and more slowly than the albumin, and seems 
to correspond with the thyroxine-binding protein of human serum. Myant 
& Osorio (1959), using paper strip electrophoresis in barbiturate buffer, 
report that in the adult rabbit thyroxine is bound by a serum protein 
(adult TBP) which moves between albumin and the «,-globulin. 

The relative totals of thyroxine bound in the pre- and post-albumin 
zones can be estimated approximately as follows. In Fig. 1(a) the total 
radioactivity attributable to the pre-albumin binding can be taken to be 
equal to the number of counts/min in peak fraction 8, together with twice 
the sum total of counts/min in fractions 1-7 inclusive. For the post- 
albumin binding the total can be taken to be the number of counts/min in 
peak fraction 27 together with twice the sum total of count/min in fractions 
28-35 inclusive. The result indicates a relative binding of thyroxine pre- 
albumin: post-albumin of 1:1-3 when the hormone concentration is 0-05 
pg/ml. serum, the normal endogenous level. 

From Fig. 2(b) the pre-albumin binding is similarly given a the number 
of counts/min in peak fraction 11 together with twice the sum total of 
counts/min in fractions 1-10 inclusive and the post-albumin value by the 
number of counts/min in peak fraction 43 together with twice the sum total 
of counts/min in fractions 44-68 inclusive. In this case the relative binding 
of thyroxine pre-albumin: post-albumin is 1:5-5 at a hormone concentra- 
tion raised to 1:95 ug/ml. serum. 

In rabbit serum, then, we find clear evideltee that thyroxine is bound ; in 
three zones: (i) by a pre-albumin protein which migrates electrophoretically 
very slightly faster than the main bulk of the albumin, (ii) by albumin 
itself and (iii) by a post-albumin protein. At normal endogenous con- 
centrations of serum thyroxine the amount bound in the pre-albumin zone 
is ~ ? of that bound in the post-albumin zone: when the serum thyroxine 
_ concentration is greatly elevated a much greater proportion is bound in the 
post-albumin zone. 

| wman serum 

Human serum was fractionated in borate-phosphate buffer pH 8-6 after 
the addition of labelled thyroxine, at total thyroxine concentrations of 
0-1, 0-15, 0-2, 0-45, 0-85, 1-65, 2-45 and 8-05 yg/ml. serum. Figure 3 shows 
the distribution of radioactivity and of protein in the successive eluted 
fractions as far as the «,-globulin fractions in four cases. The results shown 
are entirely typical of the remainder and are in all-essentials similar to the 
results previously obtained (Balfour & Tunnicliffe, 1959) on a different 
sample of human serum. In each case there is a marked peak in the pre- 
albumin zone where the protein concentration is too small to be reliably 
estimated by the biuret method. Examination of these pre-albumin 
fractions by the far more sensitive Folin—Ciocalteu procedure shows that 
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should be noted that the count rates/yg thyroxine differ widely in each of the 


Fraction numbers 
Fig. 3. Distribution of protein (lower curves) and thyroxine (upper curves) after 
zone electrophoresis of 10 ml. samples of human serum in borate-phosphate buffer 
pH 8-6. @ < indicates direction of electrophoretic migration. Concentrations of 
thyroxine were in (a) 0-1 yg/ml., (b) 0-45 pg/ml., (c) 0-85 pg/ml., and in (d) 2-45 
pg/ml. PreA, A and «, indicate position of pre-albumin, albumin and alpha, 
globulin fractions. Note that pre-albumin concentration is expressed as pe! 
fraction: other proteins as mg/fraction. Volume of each eluted fraction 5-0 ml. 
throughout. Owing to variations in the specific activity of the thyroxine used it 
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there is a pre-albumin protein with its peak corresponding closely with the 
pre-albumin peak of radioactivity. Such a pre-albumin protein distribution 
is shown in Fig. 3(a). 

The post-albumin zone shows a radioactive peak which at the lowest 
total level of thyroxine (0-1 yg/ml., Fig. 3a) is comparable in height with 
that due to the pre-albumin. As the total thyroxine/ml. serum is raised, 
the height of the post-albumin radioactivity peak, relative to the corre- 
sponding pre-albumin peak, diminishes progressively. 

This post-albumin peak of radioactivity corresponds to a protein fraction 
which has electrophoretically migrated more slowly than the albumin 
fractions (from which the «,-globulins have not fully separated) but faster 
than the «,-globulin fractions. This post-albumin peak corresponds with 
the thyroxine-binding protein of other workers who have used paper 
electrophoretic fractionation. | 

Thyroxine binding by albumin is evident (Fig. 3a) as a distinct shoulder 
on the radioactivity curve in the region corresponding with the albumin 
protein peak. As the total thyroxine is raised, the binding of thyroxine by 
albumin is progressively more evident as a distinct peak (Fig. 36, c) which, 
at a concentration of thyroxine of 2-45 ug/ml. (Fig. 3d), surpasses the 
relative TBP peak, though still smaller than the pre-albumin peak. At a 
total concentration of thyroxine of 8-05 yg/ml. the peak of radioactivity 
associated with the albumin becomes predominant and exceeds that due 
to the pre-albumin, while the post-albumin radioactivity is relatively 
reduced to a small shoulder on the descending limb of the albumin radio- 
activity curve. The better separation of the radioactivity into three zones 
in human serum, as compared with rabbit serum, makes easier the estima- 
tion of the partition of thyroxine between the pre-albumin, albumin and 
post-albumin zones. The results are shown in Fig. 4. At a concentration of 
total thyroxine (0-1 »g/ml.) nearest to the natural endogenous level, the 
amount bound in the pre-albumin zone is about one half of that bound by 
the TBP. At 0-15 ug thyroxine/ml. the amounts bound by pre-albumin and 
TBP are equal and as the total thyroxine concentration is raised the amount 

‘bound by the pre-albumin continues to increase as far as the highest concen- 
tration (8-05 g/ml.) examined. The rate of increase of pre-albumin-bound 
thyroxine is, however, falling off at the highest levels. 


The amount of thyroxine bound by TBP, by contrast, reaches a fairly 


steady maximum level from a total concentration of 0-85 ug thyroxine/ml. 
onwards so that saturation of the binding capacity has clearly occurred. 
The amount of thyroxine bound by albumin shows a steady increase 
with no indication of saturation over the range of thyroxine concentrations 
examined. The behaviour of human serum differs from that of rabbit serum 
when changes in binding at different thyroxine concentrations are com- 
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pared. In the rabbit the ratio pre-albumin bound thyroxine: post-albumin 
bound thyroxine changes from 1:1-3 to 1:5-5 as the total thyroxine 
concentration rises from ~ 0-05 to 1-95 ug/ml. In human serum the same 
ratio changes from 1:2 to 3-9:1 when the total thyroxine concentration 
rises from 0-1 to 1-65 ug/ml. 
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Fig. 4. Graphs showing the partition of thyroxine between the three binding 
proteins of human serum at different thyroxine concentrations. All values are 
expressed as yg thyroxine/10 ml. serum. 


Thyroxine binding by pre-albumin 
The magnitude of the pre-albumin bound radioactivity and the con- 
sisteney with which we have been able to demonstrate it contrast strongly 
with the general failure of paper-strip electrophoresis to reveal it. Concen- 
tration of the pre-albumin fractions after column electrophoresis in borate- 


a 
Vea 
4 
3 
; 


188 W. HE. BALFOUR AND H. E. TUNNICLIFFE 


phosphate buffer, followed by butanol extraction and chromatography, 
showed that thyroxine was the only source of the pre-albumin-bound 
radioactivity. 

We have also measured the total pre-albumin ened in the eluted pre- 
albumin fractions, and our results give, for the sample of mixed human 
serum used, a mean value of 0-26 mg pre-albumin/ml. serum. At the 
highest concentration of thyroxine used (8-05 yg/ml.) this pre-albumin 
binds 2-3 yg of thyroxine. Taking the mol. wt. of pre-albumin as 61,000, 
1 mole is here binding 0-7 mole thyroxine. An estimate of the maximum 
binding capacity of pre-albumin was obtained in the following manner. 
Separated pre-albumin fractions (45 ml.) derived from 10 ml. of serum 
were collected. To 10 ml. of the combined fractions an excess (9-9 yg) of 
labelled thyroxine was added. After thorough mixing, 0-5 ml. was removed 
for counting, and the remainder (9-5 ml.) dialysed for 17 hr at room 
temperature against 500ml. borate-phosphate buffer. Determination 
of radioactivity gave the results: pre-dialysis 5554 counts/min/0-5 ml.; 
post-dialysis 4373 counts/min/0-5 ml. Since 10 ml. of this serum ientained 
2-5 mg of pre-albumin, it may be calculated that 1 mole of pre-albumin i is 
_ here binding 1-1 mole of thyroxine. At physiological levels of thyroxine 
concentration pre-albumin binding is of the order of 1 % of its capacity: 
i.e. only 0-01 mole thyroxine bound per mole of pre-albumin. 


Thyroxine binding in the presence of other buffers 

Phosphate. We have repeated the electrophoretic fractionation of human 
serum containing added labelled thyroxine in phosphate buffer solutions 
at pH 7-4 and 8-0. In both cases it was easy to demonstrate thyroxine 
binding in a pre-albumin zone, and the results of a typical experiment at 
pH 8-0 are shown in Fig. 5. The resolution of the albumin from the «- 
globulin protein fractions is poor in phosphate buffer, and as a result the 
radioactivity due to albumin and TBP binding of thyroxine shows as a 
single peak displaced to the right relatively to the main protein peak. 
The recovery of radioactivity in the eluted fractions was satisfactory 
(96-99 %), and at the concentration of thyroxine used (0-8 »g/ml. serum) 
the pre-albumin bound between 42 and 48 % of the total thyroxine. This 
result agrees well with the binding by pre-albumin in borate-phosphate 
buffer at a comparable thyroxine concentration. 


Barbiturate. Two samples of the same human serum with the same | 


concentration (1:65 g/ml.) of added labelled thyroxine were subjected to 
electrophoresis (a) in borate-phosphate buffer pH 8-6 and (b) in barbiturate 
buffer pH 8-6, ionic strength 0-03. The results of the electrophoretic 
fractionation are shown in Fig. 6. In each case the protein fractionation 
shows a well marked pre-albumin peak, the usual large albumin zone and 
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a small'x,-globulin zone. The sharpness of the fractionation in the albumin 
and «-globulin region is better in the barbiturate buffer. 
The distribution of radioactivity in the borate-phosphate experiment 
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Protein mg/fraction 
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Fig. 5, Distribution of protein (lower curve) and thyroxine fates curve) after 
zone electrophoresis of 10 ml. human serum in phosphate buffer pH 8-0. Serum 
contained 0-85 yg thyroxine/ml. @ < indicates direction of electrophoretic migra- 
tion. Volume of each eluted fraction 5-0 ml. 


(Fig. 6a) shows typically a strongly marked peak due to pre-albumin 
binding of thyroxine, a well marked peak due to albumin binding and a 
smaller peak due to TBP. In barbiturate buffer the results are strikingly 
different. For here, Fig. 6b, the radioactivity corresponding to the pre- 
albumin is reduced to an extremely low though just detectable level. The 
peak of radioactivity associated with the albumin is greatly enhanced and 
there is little apparent change in the TBP radioactivity. | : 
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Fig. 6. Distribution of protein (lower curves) and thyroxine (upper curves) after 
zone electrophoresis at pH 8-6 of 10 ml. samples of human 
of thyroxine 1-65 pg/ml. @ <- indicates direction of electrophoretic migration. In 
(a) borate-phosphate buffer was used; in (b) barbiturate buffer. PreA, A and «, 
indicate position of pre-albumin, albumin and alpha, globulin fractions. Note that 
pre-albumin concentration is expressed as yg/fraction: other proteins as mg/ 
fraction. Volume of each eluted fraction 5-0 ml. throughout. In (b) | indicates 
small binding of thyroxine by pre-albumin. 
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Analysis of the distribution of thyroxine in the two experiments (Table 1) 
emphasizes the effect of barbiturate buffer. The barbiturate buffer almost 
completely prevents the binding of thyroxine by pre-albumin. It does not 
prevent thyroxine binding by TBP, which remains saturated, binding 
0-23 yg thyroxine/ml. serum and 0-25 ug/ml. serum in the two cases, as 
would be expected from the results shown in Fig. 4 for the concentration of 
thyroxine (1-65 wg/ml. serum) used. 

The effect of barbiturate buffer on the binding of thyroxine by pre- 
albumin was shown to be a direct effect, and not due indirectly to an 
enhancement of the binding power of albumin by the method to be 
described. Pre-albumin fractions were collected after serum electrophoresis 
in barbiturate buffer. One 10 ml. sample was dialysed during the night 

against 1 1. of borate-phosphate buffer in order to remove the majority of 


TaBLE 1. Distribution of thyroxine 1-65 ug/ml. in serum protein fractions following 
electrophoresis in borate-phosphate and barbiturate buffers pH 8-6 


Percentage of thyroxine carried by 


Albaniin TBP 
Borate-phosphate buffer 52-5 13-8 
Barbiturate buffer 0-9 83-9 15-2 


the barbiturate. To this dialysed sample, and to a second 10 ml. sample still ' 
in barbiturate buffer, 1*1I-labelled thyroxine was added and each sample was 

dialysed during the night’ against 500 ml. of its own buffer solution. 

Determination of radioactivity before and after dialysis showed that in 

borate-phosphate buffer the isolated pre-albumin showed its normal 

binding capacity. In the presence of barbiturate buffer, thyroxine binding 

by the separated pre-albumin was depressed. 


Duck serum 


Duck serum with added labelled thyroxine was subjected to column 
electrophoresis in both borate-phosphate and barbiturate buffers. The 
results are shown in Fig. 7. It can be seen (Fig. 7b) that in barbiturate 
buffer there is one very prominent peak of radioactivity corresponding with 
the albumin fraction of the proteins. There is no sign of any radioactivity 
_ peak corresponding to TBP (i.e. in the post-albumin region) but there is to 
be seen a small hump on the pre-albumin region of the radioactivity curve 
corresponding to a small plateau in the pre-albumin region of the protein 
distribution curve. 

When the results in borate-phosphate buffer are examined, using a 
sample of the same serum with the same concentration of added thyroxine, 
two main peaks of radioactivity are seen (Fig. 7a). The larger of the two lies | 
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in the pre-albumin region and corresponds in position with the pre-albumin 
zone of the protein fractionation. The second, smaller peak corresponds to 
the albumin fraction of the proteins but is much reduced in size compared 
with the albumin radioactivity peak shown in barbiturate buffer. No 
TBP radioactivity peak is visible. 

In borate-phosphate buffer duck serum thus binds thyroxine predomi- 
nantly by pre-albumin, and to a lesser extent by albumin, In barbiturate 


(a) (b) 
Thyroxine Thyroxine | 
0-4ug/ml. 0-4 ug/mi. 
10°x 5 10°x 
Borate-phosphate Barbiturate 


Counts/min/fraction 


Protein mg/fraction 


10 20 0 30 
| Fraction numbers 

Fig. 7. Distribution of protein (lower curves) and thyroxine (upper curves) after 

zone electrophoresis at pH 8-6 of 10 ml. samples of duck serum. Serum contained 

0-4 wg thyroxine/ml. @ <- indicates direction of electrophoretic migration. In 

(a) borate-phosphate buffer was used: in (b) barbiturate buffer. A indicates albumin 

zone of serum proteins. Volume of each eluted fraction 5-0 ml. throughout. 
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buffer the pre-albumin binding is almost completely prevented (as in human 
serum), and owing to the absence of TBP the whole of the binding is now 
due to albumin. 


DISCUSSION 


Deutsch & Goodloe (1945) used free et in a barbiturate— 
citrate system at pH 8-6 and demonstrated the presence of a fast-moving 
pre-albumin component in the sera of many anjmal species, particularly 
in birds. Hoch & Chanutin (1953) showed by free electrophoresis in 
0-6 % NaCl solution at pH 8-8-3 that a ore Of component was present 
in human serum and plasma. They found a concentration range of 7-33 . 
mg/100 ml. serum, with an average of ~ 20 mg/100 ml. Gedin & Porath 
(1957) detected a pre-albumin fraction in human serum by column 
electrophoresis ; Ingbar (1958) demonstrated pre-albumin in human serum 
by column electrophoresis in tris-maleate buffer, and Halliday & Kekwick 
(1957) by free electrophoresis in phosphate buffer at pH 8-0 showed that 
sera of young rats contain a fast-moving component which migrates ahead 
of the main albumin peak. 

Our own results with phosphate buffer at pH 7-4 and 8-0 and with 
barbiturate buffer pH 8-6 agree with these earlier results and the essentially 
identical results we have obtained by electrophoresis in a borate-phosphate — 
buffer system make it clear that the presence in this system of a fast-moving 
pre-albumin component is not an artifact due to the choice of buffer. Nor 
is thyroxine binding by pre-albumin in borate-phosphate buffer an 
anomalous result. For, as we have shown, similar binding occurs in 
phosphate buffer: it occurs also in tris-maleate buffer (Ingbar, 1958) and 
as Beierwaltes & Robbins (1959) have very recently found, in an ammonium 

carbonate buffer system. 

In contrast, paper-strip electrophoresis of serum generally fails to reveal 
the presence of a pre-albumin protein fraction (Robbins & Rall, 1955; 
Morris & Courtice, 1955; Tata, 1959a). Morris & Courtice did, however, 
observe that a pre-albumin fraction was constantly present in mouse 
plasma, and occasionally demonstrable in rat and guinea-pig plasma. It 
seems clear, however, that the conventional method of staining the paper 
strip with dyes is usually inadequate to detect pre-albumin separated from 
the small initial volume of serum applied to the paper. 

But since pre-albumin has such a marked binding capacity for thyroxine 
it might, nevertheless, be expected that the pre-albumin zone on the paper 
strip would be detected by location of the associated radioactivity. 
TBP, which at many levels of thyroxine concentration is binding less 
thyroxine than pre-albumin, is so located. But there is general failure to 


find definite localization of radioactivity associated with a pre-albumin 
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zone on the paper strip. This failure arises, we suggest, from the con- 
ventional choice of barbiturate buffer for the electrophoretic fractionation. 

We have shown that at an ionic strength of 0-03, barbiturate buffer 
effectively prevents pre-albumin binding of thyroxine. At the higher ionic 
strengths (0-05—0-1) usually used in paper-strip electrophoresis, the binding 
power of pre-albumin may well be sufficiently depressed to make the resi- 
duum of radioactivity associated with the pre-albumin usually not detect- 
able by scanning with a Geiger—Miiller tube. With scintillation counting 
after zone electrophoresis in a barbiturate buffer this small residual radio- 
activity is just recognizable, and there are occasional reports of weak pre- 
albumin-associated radioactivity on paper strips when barbiturate buffer 
has been used (Robbins, Rall & Petermann, 1957; Robbins & Nelson, 1958). 

The effect of barbiturate buffer on pre-albumin binding has further 
important consequences when the distribution of thyroxine binding by the 
protein fractions of serum is studied. For in a barbiturate system that 
thyroxine which would have been bound by pre-albumin now becomes 
redistributed. At low thyroxine concentrations the redistributed thyroxine 
will be bound by both albumin and TBP. At high thyroxine concentrations, 
where the binding capacity of TBP is already saturated, the redistributed 
thyroxine becomes bound by albumin only. In short, a variably distorted 
picture of thyroxine binding by serum proteins results from electrophoretic 
fractionation in a barbiturate buffer system. | 

It is not surprising, therefore, that, in a borate-phosphate system, the 
distribution of thyroxine binding at different thyroxine concentrations 
differs markedly from that reported by Robbins & Rall (1955) and by 
Dowling et al. (1956), who used a barbiturate system. Since this precludes 
the considerable pre-albumin binding of thyroxine their findings are of 
limited validity. In particular, the significance of the changes in distribu- 
tion of thyroxine binding in different physiological conditions reported 
by Robbins & Nelson (1958) and by Dowling et al. (1956) may need reassess- 
ment. 

The contrast between thyroxine binding by albumin, TBP and pre- 
albumin in the borate-phosphate system is notable. The amount of 
thyroxine bound by albumin continues to increase up to the highest 
concentration (8-05 ug/ml. serum) of thyroxine examined. There is no 
indication of approaching saturation: this is to be expected from the 
results of Lein (1952) on thyroxine binding by bovine serum albumin. 
Lein’s measurements were, however, made at the highly alkaline pH of 
9:75 and may thus have caused opening of binding sites not available at 
a lower pH (Tata, 1959). TBP becomes saturated when the thyroxine con- 
centration has reached 0-85 »g/ml. and then carries 0-23 yg thyroxine/m!. - 
Pre-albumin is still not saturated at 8-05 yng thyroxine/ml. serum but is, 
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nevertheless, then carrying more than ten times the amount of thyroxine 
carried by TBP. 

Our results in borate-phosphate and phosphate buffers agree with those 
of Ingbar (1958), who found that, during column or paper-strip electro-— 
phoresis in tris-maleate buffer pH 8-6, labelled thyroxine migrated in 
association with serum proteins in the interalpha globulin zone and also 
in a pre-albumin zone. Ingbar points out that this observation is contrary 
to results in barbiturate buffer where the labelled thyroxine migrates 
principally in the interalpha zone (TBP). The blocking effect of barbiturate 
buffer which we have described explains the difference observed by Ingbar. 
Ingbar also found that, at very low concentrations of added thyroxine 
(0-4 ~g/100 ml.) the percentage of labelled thyroxine associated with pre- 
albumin is as great or nearly as great as that associated with TBP. Again 
our results in borate-phosphate and phosphate buffers agree essentially 
with Ingbar’s results in the tris-maleate system, and our value for the 
thyroxine-binding capacity of TBP agrees excellently with Ingbar’s value, 
both results being ~ 25 ug thyroxine/100 ml. serum. Our figure (~ 230 yg 
thyroxine/100 ml. serum) for the binding capacity of pre-albumin is, how- 
ever, greater than the approximate value (100 wg thyroxine/100 ml. serum) 
given by Ingbar. This difference may, however, be due simply to the 
different samples of serum having different concentrations of pre-albumin ; 
the results of Hoch & Chanutin (1953) suggest that a fourfold variation in 
different samples may well be possible. 

The method for estimating pre-albumin was standardized against bovine 
serum albumin. In consequence our results for the quantity of pre- 
albumin present in serum rest on the assumption that the amount of 
chromogenic material per unit weight of protein is the same in bovine 
serum albumin and in pre-albumin. The calculation of the molar binding 
capacity of pre-albumin for thyroxine depends also cn the assumption that 
the pre-albumin present in the eluted fractions from the column electro- 
phoresis consists of a single molecular species with a molecular weight of 
61,000. This is the value for the molecular weight of the pre-albumin 
isolated from human serum by Schultze, Schéneberger & Schwick (1956). 
Because of these assumptions, and of the evidence considered later in this 
discussion that there may be three pre-albumins in serum, we would stress 
that our value for the molar binding capacity of pre-albumin for thyroxine 
must be regarded as tentative. 

Our results confirm the finding of Tata & Shellabarger (1959) that duck 
serum lacks TBP. Their statement that duck serum binds thyroxine by 
albumin only, though correct when barbiturate buffer is employed, is not 
correct when the serum is examined in borate-phosphate buffer. At a 


concentration of 0-4 »g thyroxine/ml. duck serum shows pre-albumin 
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binding of thyroxine to an extent considerably greater than that due to 
albumin. Tata & Shellabarger (1959) discuss the reasons for the relatively 
longer biological haJf-life of thyroxine, compared with triiodothyronine, in 
the mammal although in birds the biological half-life of the two compounds 
is the same. Their explanation of the difference is based on the absence of 
TBP and, as they presume, the sole binding of thyroxine and triiodo- 
thyronine by albumin in chick and duck sera. But their argument does not 
take into account the marked binding of thyroxine by pre-albumin (at any 
_rate in the duck) and may therefore be not necessarily valid. 

Schultze e¢ al. (1956) isolated a human serum pre-albumin and Tata 
(19594, b) found that this pre-albumin possessed strong thyroxine-binding 
power. Moreover, Tata gave good reasons for suggesting that a large part 
of this pre-albumin is present as a complex in the «-globulin fraction and 
that it is responsible for the binding of thyroxine observed in TBP. 

Further work is needed to determine the relation of Schultze’s pre- 
albumin to the pre-albumin fraction examined by us. For the present it 
may be pointed out that our pre-albumin fraction co-exists with TBP, and 
has its binding power greatly diminished in the presence of barbiturate 
buffer. This buffer does not prevent binding of thyroxine by TBP (i.e. by 
the complexed form of Schultze’s pre-albumin): nor does barbiturate 
prevent thyroxine binding by the isolated form of Schultze’s pre-albumin 
(Tata, 1959a). Moreover, as Ingbar (1958) has found, pre-albumin possesses 
essentially no binding power for triiodothyronine, whereas TBP binds it 
both in barbiturate and in tris-maleate buffer systems. The relation of both 
pre-albumins to the two pre-albumins observed in starch-gel electrophoresis 
of human serum by Poulik & Smithies (1958) and to the three pre-albumin 


zones described more recently by Poulik (1959) requires further examina- © 


tion. One of the two pre-albumin zones observed in starch-gel electro- 
phoresis by Rich & Bearn (1958) was shown by them to bind thyroxine. 


SUMMARY 


1. ishiabieinade of rabbit, human and duck sera on cellulose columns 
with borate-phosphate buffer reveals the presence of a een protein 
fraction (TBP) which binds thyroxine. 

2. The pre-albumin fraction of human serum, and binding of thyroxine 
by this pre-albumin, have also been demonstrated by column electro- 
phoresis in phosphate buffer. 

3. Pre-albumin in rabbit serum and in human serum binds cursioe 
to an important extent at physiological levels of serum thyroxine con- 
centration. 


4. The partition of thyroxine between pre-albumin, albumin and TBP 
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has been measured in human serum over a wide range of serum thyroxine 
concentration. 

5. The Siptexine-binding capacity of the pre-albumin actually present 
in human serum greatly exceeds the binding capacity of the TBP also 
present in the same serum. 

6. Inthe rabbit, when the thyroxine concentration in serum is increased, 
a much greater proportion of the thyroxine becomes bound by TBP 
relatively to that bound by pre-albumin. This behaviour is the reverse of 
that shown by pre-albumin and TBP in human serum. | 

7. Thyroxine binding by human and duck serum pre-albumin is pre- 
vented by the presence of barbiturate buffer solution. 

8. Thyroxine binding by human TBP, and by human and duck serum 
albumin, is not prevented by the presence of barbiturate buffer solution. 

9. Duck serum does not contain TBP. 

10. Thyroxine binding in duck serum is, at a thyroxine concentration of — 
0-4 wg/ml., due predomimantly to pre-albumin and to a lesser extent to 
albumin. 


We are grateful to Dr G. 8. Adair for suggesting modifications in the manuscript, and to 
Dr R. D. Keynes for the loan of a scintillation counter. Our thanks are also due to Mr A. J. 
Secker for technical assistance in the design and construction of the power unit used for 
electrophoresis. 
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FRUCTOSE METABOLISM IN THE ISOLATED PERFUSED 
LIVER OF THE FOETAL AND NEW-BORN SHEEP 


By W. H. H. ANDREWS, H. G. BRITTON, A. ST G. HUGGETT 
AND D. A. NIXON: 


From the Departments of Pharmacology and Physiology, St Mary’s 
Hospital Medical School, London, W. 2 


(Received 21 April 1960) 


While fructose is known to be a major component of the foetal blood 
in all species of Ungulata and Cetacea which have been examined, the 
mechanism by which it is formed is uncertain. Huggett, Warren & Warren 
(1951), Alexander, Andrews, Huggett, Nixon & Widdas (1955) and 
Alexander, Huggett, Nixon & Widdas (1955) showed that glucose was 
probably a precursor in its formation and that the site of synthesis was 
centred in the placenta. It was postulated that intermediate phosphate 
esters would participate in the synthesis of the free fructose. However, 
Hers (1957a) obtained evidence that fructose was formed from glucose in 
the seminal vesicle without the intervention of phosphorylated inter- 
mediates. In this pathway glucose is reduced to sorbitol by the enzyme 
aldose reductase, and the sorbitol is subsequently oxidized to fructose by 
the enzyme ketose reductase. Evidence was also obtained that aldose 
reductase, but not ketose reductase, was present in the sheep placenta. 
Since foetal liver slices were able to convert sorbitol to fructose, it was 
postulated that the fructose in the sheep foetus was formed in two stages: 
in the first stage sorbitol was formed from glucose in the placenta, and in 
_ the second stage sorbitol was converted to fructose in the foetal liver. 
This mechanism is shown schematically in Fig. 1, DPN and TPN referring 
to di- and tri-phosphopyridine nucleotides respectively. 

The work of Alexander, Andrews et al. (1955) did not exclude the 
possibility that some foetal fructose is formed by the mechanism indicated 
above, and it was thought desirable to confirm the second stage of the 
Hers hypothesis on the perfused foetal liver. At the same time the uptake 
of fructose by this preparation was examined. This latter aspect was 
investigated since preliminary experiments had suggested that the foetal 
liver was unable to utilize fructose, in contrast to the adult liver where 
conversion to glucose may take place (Cori, Ochoa, Slein & Cori, 1951). 
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Glucose TPNH + H* 


Placenta Aldose reductase 


Fig. 1. 


METHODS 


Apparatus. The apparatus used to perfuse the livers of lambs was similar to that described 
by Andrews, Hecker & Maegraith (1956). The portal vein was supplied from a small, constant- 
level reservoir, the portal pressure was about 8 cm saline. The perfusing fluid was blood 
obtained from the lamb, supplemented with maternal blood. Thermometers placed between 
lobes of the liver registered 35-5-36° C. — | 

Foetal livers were perfused with the apparatus illustrated in Fig. 2. Blood from the liver 
flowed to the reservoir from where it was pumped to a bubble oxygenator (moist gas, 
5% CO,+95% O,), and allowed to overflow into a collection chamber which was coated 
with Antifoam A (Midland Silicones, Ltd.). The blood passed into a constant-level device 
which also acted as a bubble trap, and thence, via a heating coil, to the liver. A manometer 
was incorporated near the liver and the inflow pressure was controlled to 8 cm saline by a 
screw clip. The overflow from the constant-level device was returned to the reservoir. The 
foetus and reservoir were placed in a lagged bath of saline at 37°C. The apparatus was 
primed with heparinized maternal blood. 

Operative technique. Lambs were given pentobarbitone (20 mg/kg body wt.) intra- 
peritoneally as a basal anaesthetic and then anaesthetized with intravenous thiobarbitone. 
The trachea was cannulated and artificial respiration begun. A mid-line incision was made, 
avoiding the umbilicus, the sternum was divided in the mid line, and the ribs retracted 
laterally. The thrombosed umbilical vein was ligated and the rumen divided between 
ligatures. The portal vein was cleaned for about 1-5 cm of its length immediately cephalad 
to the pancreas. A cannula was inserted into the thoracic part of the posterior vena cava, 
pointing towards the liver, and blood from the posterior part of the body was allowed to 
flow into the reservoir. Immediately afterwards the portal vein was cannulated and the 
perfusion begun. Tributaries to the portal vein between the cannula and the porta hepatis 
were ligated. When the level of blood in the reservoir became constant the vena cava was 
clamped just posterior to the liver. The edges of the incision were drawn together. The total 
time for operation was about 25 min. 

With the foetus, the head was submerged in saline, and 2 ml. of 2% procaine was injected 
parenterally to prevent pain. A mid-line incision was made as in the procedure for lambs; 
the umbilical vein and thoracic posterior vena cava were cannulated; a clamp was applied 
to the vena cava posterior to the liver and the perfusion was started. Ligature of the portal 
vein appeared to be unnecessary. The time taken for the operation was approximately 
6 min. ' 

In both the lamb and foetal preparations a certain amount of mottling of the surface of 
the liver occurred, especially where the ribs appeared to be exerting slight pressure. Some 
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dilatation of the vessels took place during the first hour of the perfusion, since the rate of flow 
increased when the pressure was kept constant—most of this increase occurred in the first 
20 min. Therefore 30 min was allowed to elapse between the beginning of the perfusion and 
the commencement of metabolic experiments. An injection of Indian ink, made at the end 
of the experiment, demonstrated that the inflowing blood rapidly penetrated to all areas of 
the liver in both preparations. 

The volume of the perfusate was between 250 and 500 ml. and the rate of flow varied 
from 100 to 280 ml./min in different preparations. In the foetal liver preparations the weight 
of the organ ranged from 51 to 80 g, and in the neonatal livers from 150 to 190 g. 

Chemical determinations. Fructose was determined by the method of Chinard, Danesino, 
Hartmann, Huggett, Paul & Reynolds (1956); glucose by the method of Huggett & Nixon 
(1957); lactic acid by the method of Barker & Britton (1957), except that the concentration 
of semicarbazide in the buffer solution was 0-5 g/100 ml. ; and inositol by the microbiological 
method of Campling & Nixon (1954). : 


| 


Fig. 2. A schematic diagram of the foetal or neonatal liver perfusion circuit. 
B, saline bath; C, screw clip; G, 95% 0,+5% CO,; L, liver; M, manometer; 
O, oxygenator; P, pump; R,, reservoir; R,, constant-level reservoir and bubble 
trap. 


| RESULTS 
Observations on perfused foetal livers 


In the five foetal livers perfused, ranging from 122-140 days of foetal 
age, the ability of the liver to convert sorbitol to fructose was consistently 
demonstrated. Neither the addition of glucose nor of meso-inositol 
significantly influenced the level of the circulating fructose in the prepara- 
tion, whereas the introduction into the circuit of an equivalent quantity 
of sorbitol resulted in a prompt production of fructose (Fig. 3a). The + 
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magnitude of this conversion was in several cases such as to suggest a 
complete conversion of the added sorbitol to fructose. In one experiment 
the addition of galactose was also without effect upon the fructose 
concentration. | | 
The blood used to prime the circuit was obtained from an adult ewe 
and therefore the foetal liver was subjected to a perfusate having a con- 
centration of fructose lower than that encountered in sheep foetal blood. 
It might therefore be suggested that the sorbitol-fructose conversion only 
proceeded under conditions of a low concentration of blood fructose, and 
that the reaction was a mechanism ensuring the characteristic high blood 
fructose concentration encountered in the sheep foetus. However, the 
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Fig. 3. The elevation of the fructose concentration in the perfusate of the foetal 
sheep liver preparation following the addition of sorbitol. (a) Concentration of 
fructose in the perfusate following the addition of 500 mg of glucose, G, inositol, J, 
and sorbitol, S. Foetal age 122 days. Liver weight 61 g. Terminal perfusate volume 
410 ml. (6) Concentration of fructose in the perfusate following the addition of 
sorbitol (S, 500 mg) subsequent to the elevation of the fructose concentration by 


the addition of 500 mg of fructose, F. Foetal age 140 days. Liver weight 80 g. 
Terminal perfusate volume 500 ml. 


ability of the liver to convert sorbitol to fructose still took place when the 
concentration of fructose was elevated to a level comparable to that found 
in the normal foetus (Fig. 30). 

The initial rate of conversion of sorbitol to fructose ranged from 4-2 to 
13-3 mg/min, and was unrelated to foetal age. The glucose concentration 
in the perfusing blood showed an increase with time. The initial concen- 
trations ranged from 84 to 232 mg/100 ml. (mean 116) and during the 


course of the experiments the maximum increase observed was 124 mg/ 
100 ml. 
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In two experiments the concentration of lactic acid in the perfusing 
blood was measured. In both cases the values showed a fall in concen- 
tration 60-80 min after the start of the perfusion, with restoration of the 
initial value after a further 60 min. In one experiment the initial value 
was 72, the lowest value 32 and the final value 99 mg/100 ml. at 205 min. 
In the other experiment the initial value was 25-2 mg/100 ml. and the 
final value, after 200 min, was 28-5 mg/100 ml. (illustrated in Fig. 4). 


180 
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Fig. 4, Concentrations of glucose, fructose and lactic acid in the perfusate of the 
foetal liver after the. addition of 500 mg fructose, F, and 500 mg sorbitol, S. 
Foetal age 134 days. Liver weight 51g. Terminal perfusate volume 460 ml. 
x, Fructose; @, glucose; A, lactic acid. 


It will be seen from Fig. 36 that the elevated fructose concentration 
remained constant over the 60 min before the introduction of sorbitol. 
The inability of the perfused foetal sheep liver to utilize fructose under 
these experimental conditions was confirmed in two further preparations, 
where the elevated fructose concentration was observed over a longer 
period of time, one of which is shown in Fig. 4. In the other preparation 
the concentration fluctuated between 90 and 94 mg/100 ml. over 120-min. 
_ An increase in the inositol concentration of the perfusing blood was 
observed in the three experiments where it was determined. The rate of 
production over the first hour varied from 5-0 to 7-5 mg inositol/hr. This 
apparent synthesis of inositol by the liver is possibly an artifact, since it is 
to be remembered that the perfusion circuit was primed with maternal 
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blood, considerably lower in inositol concentration than foetal blood 
(Campling & Nixon, 1954); thus the observed rise may merely represent 


the elution of inositol from a tigsue initially in equilibrium with a higher 


inositol concentration. When inositol was added to the perfusate the 
concentration subsequently showed no significant change (Fig. 5). 

The additions of sorbitol, glucose or fructose were without significant 
effect upon the inositol concentrations present in the perfusing blood. 


100 
90 
| K 


Blood inositol (mg/100 ml.) 


0 2 4 60 80 100 120 140 160 180 200 220 
Time (min) 
Fig. 5. Concentration of meso-inositol in the perfusate of foetal livers. At G, 
S, F and I 500 mg of glucose, sorbitol, fructose or meso-inositol respectively 
were introduced to the perfusate. x, Foetal age 122 days. Liver wt. 61 g. 
Terminal perfusate vol. 410 ml. @, Foetal age 138 days. Liver wt. 75 g. Terminal 


perfusate vol. 400 ml. ©, Foetal age 140 days. Liver wt. 80 g. Terminal perfusate 
vol. 500 ml. 


Observations on perfused lamb livers 


The inability of the preparation to utilize fructose to a substantial 
degree was still present in a lamb 3 days after birth. By the fifth day, 
however, ene, sori appeared to be well established (Fig. 6). 
A similar prompt decline in the elevated blood fructose was also observed 
in livers from 9- and 15-day-old lambs. 

Lactic acid concentrations in the perfusate were found to be lower 
than those encountered in foetal preparations. A substantially higher 
concentration of blood glucose was present in all the lamb perfusions, 
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compared with the foetal liver preparations. The response of the liver to 
sorbitol was again the production of fructose, although the concentration 
rise was smaller due to its metabolism. } 

In one experiment on the intact anaesthetized lamb, 10 days after 


- birth, fructose was rapidly removed from the circulation following its 


experimental elevation. Renal loss of fructose over the initial 74 min 
following the administration amounted to 17:4% of the injected dose. 
Ligation of the renal pedicles did not greatly influence the decline of 
blood fructose concentration, suggesting that the main loss of the 
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Fig. 6. Fructose and glucose and lactic acid concentrations in the perfusate | 
following the addition of 500 mg fructose, F, and 500 mg sorbitol, S, to neonatal 
preparations. (a) Response 3 days after birth. Liver weight 150 g. Terminal 
perfusate volume 380 ml. (b) Response 5 days after birth. (The apparent high 
control values for fructose are due to interference by the high concentration of glucose 
and other chromatogenic substances in the perfusate.) Liver weight 165g. 
Terminal perfusate volume 350 ml. x, Fructose; @, glucose; A, lactic acid. 
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administered fructose was extra-renal. An elevation of the fructose con- 
centration again occurred following the injection of sorbitol. The elevation 
of the glucose concentration following ligature of the renal pedicles was 
probably a reflexion of the trauma induced by the procedure. 


200 
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Fig. 7. Fructose and glucose concentrations in the blood of an anaesthetized 
10-day new-born lamb following the intravenous injection of 3-8 g fructose, F, 
and 3-8g sorbitol, S, and ligation of the renal pedicles, R. x, Fructose; 
@, glucose. 


| DISCUSSION 
Embden & Griesbach (1914) demonstrated a production of fructose 


from sorbitol in the perfused dog liver. The results presented in this paper, 


obtained by using a perfused foetal sheep liver preparation, indicate that 
this conversion of sorbitol to fructose can occur in foetal life and thus 


confirm the observations of Hers (1957a) who used foetal sheep liver slices. — 


Although the conversion has been shown to be possible it, of course, does 
not imply that the fructose present in sheep foetal blood is formed by the 
liver from sorbitol. Studies on the perfused sheep placenta show that 
little sorbitol is formed compared to the amount of fructose produced, at 


least in the initial period of the perfusion (Andrews, Britton & Nixon, : 


1959). Thus in a typical experiment the fructose concentration in the 
perfusion circuit rose by 54 mg/100 ml. in the first hour of perfusion while 
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the sorbitol concentration increased by 10 mg/100 ml. This suggests that 
the amount of fructose formed by the liver from sorbitol, in the intact 
animal, is small. 

‘Blakley (1951) showed that the conversion of sorbitol to fructose in 
the adult was brought about by the enzyme ketose reductase (sorbitol 
dehydrogenase). A similar enzyme has been demonstrated in the foetal 
sheep liver from 90, days onward by H. G. Britton (unpublished), using 
the method of Neil, Walker & Warren (personal communication). 

The inability of the foetal liver to take up fructose contrasts strongly 
with the neonatal liver a few days after birth. It is believed that the first 
step in the metabolism of fructose is the phosphorylation of the sugar to 
fructose-1-phosphate by adenosine triphosphate in the presence of fructo- 
kinase (Hers, 1955), and it is perhaps relevant that Hers (19576) was 


. unable to demonstrate fructokinase activity in the foetal sheep liver. 


Whether the uptake of fructose by the lamb liver is paralleled by the 
appearance of this enzymic activity in the tissue is, however, not known. 
The constancy of the lactic acid concentrations suggests that foetal 


|. livers were able to remove lactic acid produced by glycolysis occurring in 


the blood. Since the blood lactic acid concentrations in the lamb liver 
perfusions were lower than in the foetal liver preparations the ability of 
the foetal liver to take up lactic acid may be limited. If this is the case it 
may provide an explanation for the fact that lactic acid concentration in 


the foetal blood usually exceeds that of the mother (Barker & Britton, 1958), 


and also for the maintenance of high lactic acid concentration induced by 
hypoxia (Britton, Nixon & Wright, 1959). 

From the perfused liver experiments, where no hormone additives are 
present, there would appear to be a developmental pattern in the estab- 
lishment of hepatic metabolism. Thus, by the 122nd day of foetal life the 
liver is capable of converting sorbitol to fructose, yet the ability of the 
tissue to remove fructose to any substantial degree does not appear to be 
present until after birth. 

SUMMARY 

1. Perfusion circuits suitable for metabolic investigations have been 
developed for the foetal or neonatal sheep liver. 

2. It has been shown that sorbitol can be converted to fructose by the 


_ preparation. Glucose, galactose and inositol did not increase the fructose 


concentration in the perfusate. 

3. Under these experimental conditions the foetal liver appears to be 
unable to metabolize fructose, but rapid utilization cannot be detected in. 
the perfused neonatal liver before the fifth day after birth. 


We wish to acknowledge the support of this work by a Medical Research Couneil grant 
and the technical assistance of J. R. Hancock and Miss Margaret Trent. 
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ELECTRICAL AND MECHANICAL FACTORS IN THE 
ADAPTATION OF A MAMMALIAN MUSCLE SPINDLE 


By 0. C. J. LIPPOLD, J. G. NICHOLLS* ann J. W. T. REDFEARN+ 
From the Department of Physiology, University College London 


(Received 7 August 1959) 


Sensory nerve endings usually respond to maintained stimulation by the 
generation of a train of impulses declining in frequency with time. In some | 
receptors, for instance the Pacinian corpuscle (Hubbard, 1958) and 
receptors in the skin of the frog (Loewenstein, 1956), adaptation largely | 
depends upon mechanical factors. In these instances adaptation is rapid, 
and the impulse frequency falls abruptly to zero ; the muscle spindle behaves 
differently in that its response consists of two phases—an initial high- 


_ frequency burst, followed by a steady discharge (Matthews, 1931, 1933; 


Katz, 1950; cf. Eyzaguirre & Kuffler 1955). 

It seemed likely that the rapid first phase in the discharge of the muscle 
spindle was analogous to the quickly adapting response of the Pacinian 
corpuscle, and was therefore also due to mechanical factors. Ifthe electrical 
properties of the membrane of the nerve terminals were responsible for the 
adaptation, then one would expect that electrical polarization applied to 
the nerve terminals themselves would also produce such an adaptation in 
two phases. If polarization does not give the two phases which are produced 
by stretch, then the difference might be due to mechanical adaptation. 

We have recorded from a single mammalian muscle spindle and have 
compared the effects of electrical and mechanical stimulation on the same 
ending. 

METHODS 

Preparation. In all experiments the tenuissimus muscle was dissected from a cat or 
kitten previously anaesthetized with sodium pentobarbital 40 mg/kg (Abbott Laboratories) 
injected intraperitoneally. We used the central part of the muscle, which contains 5-10 
stretch receptors arranged in series longitudinally down the middle (Boyd, 1956). The isolated 
preparation was mounted in Krebs’s solution of composition (mm): NaCl 115, KC1.4-6, 
NaHCO, 24-1, CaCl, 2-46, MgSO, 1-15, KH,PO, 1°15, glucose 8-85. A mixture of 95% O, 
and 5 %, CO, was bubbled through the bath. The bath contained 15-20 ml. Krebs’s solution, 


which was changed at frequent intervals. The temperature could be maintained at any 
desired level, usually 37° C. The muscle was clamped at one end by a pair of forceps (insulated 


*Beit Memorial Fellow. Present address: University Laboratory of Physiology, Oxford. 
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Graylingwell Hospital, Chichester. ras 
14 PHYSIO. CLIII 


r. 
q 
q 
d 
; 
i 
| q 
t 
i 
ol 
De 
d 
). | 
16 
4 


210 0. C. J. LIPPOLD AND OTHERS 


from earth) on a rack and pinion so that the resting length could be varied. The other end 
of the muscle was tied to a rod through which it could be given step-wise or sinusoidal 
stretches. The square-wave mechanical displacement was produced by an electromagnet 


or a vacuum-operated bellows. The sinusoidal displacement, of variable frequency or 
amplitude, was applied by means of a cam and slider system. The resulting movement of 


the muscle was displayed on one beam of an oscilloscope by means of a transducer (RCA 
5734). 


Recording. The recording of afferent activity was made from single spindles. Single 
afferents were obtained at first by the laborious process of splitting down the main nerve 
trunk to the muscle. A far more convenient method was to make use of the anatomical 
features of the preparation, which are shown in Fig. 1. The small twigs usually contained 
one or two afferent fibres from muscle spindles, in addition to motor fibres. Single-fibre 
preparations were obtained by dividing these twigs. Responses from single spindles could 
be recorded up to. 36 hr after the dissection. The preparation would also survive for many 
hours immersed in liquid paraffin. 


Fig. 1. Diagram showing tenuissimus muscle of the kitten with nerve supply (n) 
and position of recording and stimulating electrodes for polarization experiments. 
P is the pelvic end and T' the tibial end. Cuts have been made at (a) and (0) leaving 
only the twig for recording. 


The nerve was placed on the wick of a non-polarizable electrode which consisted of an 
Ag-AgCl wire dipping into an agar-saline bridge. Electrodes were arranged either for 
dipolar recording from the nerve, or with one electrode on the muscle (Katz, 1950). The 
nerve, and in some cases the whole preparation, could be raised into a layer of liquid 
paraffin for recording purposes. A cathode-follower input stage fed into either an a.c. or 
a d.c. amplifier connected to a cathode-ray oscilloscope. Grid current was less than 10-" A. 
Polarizing electrodes were of the same form as the recording electrodes and were placed on 
the muscle on each side of the supposed position of the nerve ending; in some cases one 
electrode was put on the nerve twig itself (Edwards, 1955). 

Square waves were produced by a circuit giving pulses of variable duration, polarity and 
voltage, balanced about earth; a swamping resistance of 4-7 MQ in series with the prepara- 
tion was used to eliminate the effects of changes in resistance of the preparation. 


It was necessary to ensure that the applied current was polarizing the nerve terminals — 


and not producing its effects by direct stimulation of the nerve trunk or the muscle. The 
following precautions were taken: the muscle was raised into paraffin and blotted to remove 
saline and so prevent current spread; it was carefully observed under the microscope so 
that current strengths could be kept well below those which caused twitching of individual 
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fibres ; curare 5 x 10-* (w/v) was used as an additional safeguard, although with the stimulus 
strengths used there was no evidence that large or small motor fibres were being excited. 
Only if considerably stronger stimuli were used did spikes from other fibres appear in the 
recording. The criteria for assuming that the spikes produced by the polarizing current were 
due to an effect on the ending, rather than on the whole nerve trunk, were (a) the effects of 
the current and stretch of the muscle would summate, (b) pinching the nerve within the 
muscle as close to the receptor as possible abolished the effect, (c) the position of the elec- 


- trodes was critical to within 1 mm, (d) the effect was not obtained by simply stimulating 


the nerve, and (e) when current flowing in one direction increased the rate of firing, then 


reversing the flow decreased it. 


RESULTS 
Polarization of the nerve endings 


In a slightly stretched muscle, showing a discharge from the spindle, 
the application of a direct current through a cathode near the receptor 
increased the frequency of firing. If the muscle was relaxed, and there was 
no discharge, then a train of impulses was initiated. If the polarity was 
reversed with the anode near the receptor, the frequency was reduced or 
firing was abolished (Fig. 2). : 


Fig. 2. a, Effect of d.c. on steady discharge due to stretch. Upper record, action 
potentials from single muscle spindle; lower record, current flowing through 
preparation, upwards spindle ~—ve, downwards spindle +ve. Depolarization 
causes increase in frequency; hyperpolarization stops the discharge. 6, Effect of 
d.c, on relaxed spindle. Only depolarization causes a discharge. 


The alteration in frequency was closely related to the applied d.c. 
(Fig. 3), as in the frog (Edwards, 1955). The relationship did not hold 
when the d.c. produced twitching or stopped the discharge completely. 

The discharge produced by d.c. was regular, and the frequency remained 
constant during the entire period of depolarization (Figs. 2 and 4). In 
Fig. 4 it can be seen that the frequency was 27/sec when the d.c. was applied 
and was still the same after 1-3sec. At threshold, d.c. either initiated a 
reguiar train of impulses or none at all. In a few spindles there was a 
gracual decline in frequency of a few impulses per second during the course 
of polarization, but this never amounted to more than 10% of the initial 


frequency. There was an upper limit to the frequency which could be 
14-2 


7 
» 
% 
| 
| 
V 
1 
5 
6 
Ss 


212 ~~ 0.0: J. LIPPOLD AND OTHERS 


obtained by depolarization, because if the voltage was too high stimulation 
of the muscle fibres interfered by producing a contraction. If the muscle 
was observed to twitch with these high voltages a high-frequency burst 
of firing was often seen, presumably as a result of intrafusal contraction. 
Only voltages well below twitch threshold were used in our experiments. 


Increase in | 
frequency 
(imp./sec) 
10-4 


Decrease in 
| frequency (imp./sec) 
Fig. 3. The relationship between change in firing frequency (ordinate) and applied 
d.c. in relative units. Current flow through muscle less than 4 uA. Muscle slightly 
stretched to.give a steady discharge of 16/sec, hence points corresponding to 
— 16/sec indicate that polarizing current has stopped the discharge. 


The effect of stretch 


At 37° C the spindles were silent when the muscle was relaxed. The effect 
of mechanical stretch was quite different from that of d.c. The response 


occurred in two phases, an initial burst of impulses at a high frequency 


followed by a maintained discharge at a much lower frequency (Matthews, 
1931, 1933; Katz, 1950). : 

In Figs. 4 and 5 the effects of stretch and depolarization on the same 
muscle spindle are shown. With the stretch response the firing frequency 


_ in the initial burst was 92/sec and fell to 25/sec in 0-3 sec. It remained 


at about 25/sec for a further 1 sec. This is in contrast with the constant 
frequency of 27/sec maintained during the entire period of electrical 
stimulation. This difference was found in all twenty fibres. 

In contrast again with the effect of d.c. on the endings, a thresho!d 
stretch produced only the first phase. If the initial tension on the muscle 
was increased, the same increment of stretch now gave both phases. 
A tension between these gave the first burst, followed by only a few impulses 
of the second phase (Fig. 6). If the same experiment was done using d.c. 
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instead of added stretch (i.e. initial length was altered and a given d.c. 
pulse was used each time) the spindle responded with a train of impulses 
at constant frequency or not at all. 

Spindles damaged, either during dissection or deliberately, had quite 
different responses. The threshold was higher, firing was irregular, some- 
times in rhythmical bursts and often of high frequency. All such fibres . 
were rejected. 


1 sec 


Fig. 4. The effect of stretch (1) and d.c. (2) on the same muscle spindle. In (1) 
lower beam records displacement; there is a high-frequency burst initially, followed 
by a steady discharge. In (2) depolarization (lower beam) gives rise only to a 
maintained discharge. The bottom records are the continuation of the middle ones. 


The receptor potential 


The receptor potential recorded during mechanical stretch, after pro- 
caine (001%), also showed two phases. It was largest during the initial 
stretch and then declined (Fig. 7). The frequency of firing was proportional 
to the magnitude of the receptor potentials. On relaxation of the muscle 
after a stretch there was frequently an ‘off effect’ which consisted of a 
brief hyperpolarization. This was previously found in the frog (Katz, 1950). 

Nhese receptor potentials were distinguished from movement artifacts 
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Fig. 5. Relationship between frequency of firing and time after stretch (@) 
and d.c. (©) applied at time 0 to a single spindle. 


___200 msec_, 


Fig. 6. The effect of a stretch of 1 mm on a muscle (1) completely relaxed, (2) held 
at 5% greater length, (3) at 10% greater length. 
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in the usual way. If the nerve was placed in contact with muscle surface, 
then electrotonic spread was short-circuited, and the receptor potentials 
disappeared. Pinching the nerve had a similar effect. Furthermore, if the 
recording interface was near enough to the ending, changes in the shape 
of the action potential could be observed even without procaine. The action 
potential was of longer duration and was preceded by a gradually increasing 
depolarization (Lippold, Nicholls & Redfearn, 1960). 


Fig. 7. Receptor potentials (upper beam) recorded from two different spindles when 
stretched (lower beam): (1) shortly after procaine 0-01% showing one spike 
followed by decline in receptor potential; (2) 15 min after procaine, pure receptor 
potential (gain increased 3x); (3) and (4) another fibre shortly after procaine 
showing receptor potential and ‘off effect’. In (4) stretch is signified by an upward 
deflexion of the lower beam. 


DISCUSSION 


When a muscle is stretched, its muscle spindles give a discharge initially 
of high frequency (the ‘dynamic phase’), the peak value of which depends 
upon the rapidity of the stretch; subsequently the discharge rate falls to 
a lower frequency (the ‘static’ phase) which is related to the degree of 
extension of the muscle. This decline in the discharge rate during a 
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maintained stretch isthe adaptation of the sensory mechanism. Theoretically 
it could be due entirely to the physical properties of the linkage 
between thesensitive nerve terminal and the tendon whichis being stretched. 
It could also be due to the behaviour of the nerve membrane, which might 
introduce a differential component in its electrical response to an undis- 
torted mechanical input. 

On the basis of previous work in the frog it might have been predicted 
that both mechanical and electrical factors were operative in the process 


of adaptation. First, Katz (1950) showed that the receptor potential had 


an overshoot during the dynamic phase of a rapid stretch. Secondly, 
Matthews (1931) found that the discharge from spindles in the frog’s toe 
muscle declined with time when the nerves were artificially depolarized 
by the passage of a constant current through them. However, the frog 
stretch receptor differs greatly from that in the mamma| both in structure 
and in function, and further experimental evidence is needed to make a 
clear distinction between the operation of the two factors. 

Our experiments indicate that adaptation in the mammalian spindle 
occurs as a result of the physical characteristics of the spindle and extra- 
fusal muscle. When a rectangular mechanical pulse is used to stretch the 
muscle, the resultant receptor potential is distorted. It is not rectangular 
but has a ‘hump’ which coincides with the instant of application of stretch 
and the magnitude of this hump varies with the rate of stretching. This 
is the effect to be expected if the terminal membrane were sensitive to the 
mechanical stress within the muscle and if this stress were proportional 
to the first differential of the applied strain. 

From rough estimates in experiments such as that of Fig. 7 it does 
appear that no additional adaptation is introduced by a non-linearity in 
the relation between firing frequency and receptor potential during the 
dynamic phase of the stretch (cf. Katz, 1950). We have verified this 


directly by producing a depolarization of the terminal.with an applied 


current. A rectangular current pulse initiates a non-adapting train of 
impulses, whose frequency is roughly proportional to the current. There 
is never an initial burst of impulses at a high frequency when the polarizing 
current is first applied. Matthews (1931) described, in the toe muscles of 
the intact frog, a certain amount of electrical adaptation to heavy polarizing 


currents, but it is fairly clear that he was forced to use high current densities — 


in his muscles, which led to difficulties with electrode polarization and 
contraction of intrafusal and perhaps extrafusal muscle fibres. Edwards 
(1955), on the other hand, did record in isolated frog muscle a non-adapting 
discharge from the muscle spindles when he put a voltage across them. 
This comparison between the response to mechanical stretch, which pro- 
duces ‘overshoot’ in the receptor potential (and thus the initial dynamic 
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phase in the discharge), and that due to polarization of the nerve endings, 
which gives rise to an unvarying discharge, is clear evidence that no 
adaptation occurs in the membrane itself. It is therefore the result of 
physical processes involved in the transmission of forces from the tendon 
to the nerve ending. Adaptation can be pictured as a physical deformation 
in the region of the terminals which is exaggerated when a muscle is 
stretched rapidly, followed by restitution to a lower or ‘adapted’ level 
determined by the degree of stretch. | 

A further possibility is that an undistorted mechanical displacement is 
transmitted to the nerve terminal and that the conversion of this to a 
depolarization is non-linear. Nothing is known about this transducer 
system and it does not seem profitable to speculate about its possible role 
at present. 

SUMMARY 

1, The adaptation of muscle spindles has been studied in the isolated 
tenuissimus muscle of the kitten. . 

2. The effects of mechanical stretch and of depolarization vAth applied 
direct current have been compared in the same single muscle spindle. 
There is no adaptation to direct current but there is a pronounced initial 
fall in frequency of the discharge due to stretch, which corresponds to a 
decline in the receptor potential. ee 

3. On the basis of this difference it is concluded that adaptation in the 
mammalian muscle spindle is mechanical in origin. or occurs during 
the generation of the receptor potential. 


wn 
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A STUDY OF THE AFFERENT DISCHARGE PRODUCED BY 
COOLING A MAMMALIAN MUSCLE SPINDLE 


By O. C. J. LIPPOLD, J. G. NICHOLLS* anv J. W. T. REDFEARN+ 
From the Department of Physiology, University College London — 


(Received 7 August 1959) 


During experiments on muscle spindles we found that if the temperature 
of an isolated mammalian muscle fell a few degrees below body temperature 
an afferent discharge suddenly appeared. This response resembles that of 
a cold receptor (Hensel & Zotterman, 1951a). Other receptors respond to 


cooling although this is not their primary function, e.g. pressure receptors 


(Dodt & Zotterman, 1952) and the lateral-line organ of the Japanese sea- 
eel (Katsuki, Yoshimo & Chen, 1950). 

With an isolated muscle it is possible to alter the ionic environment, to 
apply stretch and to polarize the ending electrically. We have used these 
procedures to study the mechanism by which cooling produces afferent 
nerve impulses. 


| METHODS 


In general the pearson techniques were those described in the preceding paper 
(Lippold, Nicholls & Redfearn, 1960). 

Preparation. The isolated tenuissiinus muscle of the cat or kitten was used in a temperature- 
controlled bath containing 15 ml. of Krebs’s solution (mm: NaCl 115, KCl 4-6, NaHCO, 24-1, 
CaCl, 2-46, MgSO, 1-15, KH,PO, 1-15, glucose 8-85); 95% O, and 5% CO, was bubbled 
through it. Temperature was measured by a thermometer of low thermal capacity or a 
thermocouple next to the muscle. The temperature of the bath could be altered at rates 
up to 0:2° C/sec by changing the temperature of water flowing through an outer jacket. 
Recordings were made from single muscle spindle afferents with the nerve on non-polarizable 
electrodes in a layer of liquid paraffin. 

Whenever the ionic concentration of the Krebs’s solution was to be altered, kitten muscles 
were used. In these thin muscles diffusion is rapid and there is no evidence that the spindles 
behave differently from those in the adult cat. 

Electronically generated square pulses served either to polarize the nerve terminals or to 
stimulate the muscle for the purpose of identifying the type of endings. The action potentials 
were photographed on moving film; in some experiments, since the discharge was regular, 
it was possible to measure frequency by counting the number of spikes during a 10 sec 


period by electronic methods. 


Lxperimenis in vivo. Experiments were also carried out on muscles in the anaesthetized 
cat: either the whole animal or the limb alone was cooled. Recordings were made from 
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_ single dorsal-root afferent fibres, the ventral roots having been cut previously (Lippold, 


Redfearn & Vuéo, 1958). The tendon of tibialis anterior or gastrocnemius was freed com- 
pletely from its insertion but the skin over the muscle was not disturbed. The temperature 
of the muscle and the rectal temperature were measured with thermometers. 

Conduction velocity was measured by using three electrodes, separated by known 
distances and connected to separate amplifying channels. Measurements were made from 
the rising phase of action potentials initiated by stretch. | 

Receptor potentials were recorded from kitten muscle by the method of Katz (1950), 
using the same criteria for distinguishing between receptor potentials and movement 
artifacts. 


RESULTS 
Isolated muscle 


When activity from the whole nerve trunk of the isolated tenuissimus 
was recorded at 37°C, action potentials were present only when the 
muscle was stretched. There was no activity when the muscle was relaxed. 
On cooling to about 32° C a single-fibre discharge appeared, followed by 
others as cooling proceeded, until about six or seven were firing indepen- 
dently. If the muscle was now stretched, the frequency of these potentials 
increased, and in addition two or three larger spikes appeared. The activity 
remained at approximately the same frequency while the temperature was 
lowered to about 28°C, below which there was a gradual decline in 
frequency. 

The characteristics of the response to cold were studied in single afferent 
fibres from muscle spindles. When the muscle was cooled slowly (less than 
1° C/min) the discharge began abruptly at about 32° C. Its frequency was 
at first approximately 10/sec, gradually rose to a maximum of 15/sec at 
28° C, and then declined (Fig. 1). It fell to zero at about 15° C. 

At any one temperature the frequency of impulses was constant, and 


so regular that the action potentials could be synchronized for several 


minutes with the time base on the oscilloscope. Slow rewarming produced 
the same frequencies at given. temperatures and the discharge stopped - 
again at the temperature at which it had begun. 

Rapid changes in temperature caused slightly higher rates of firing, but 
the final rate depended only on the final temperature and not on the rapidity 
with which it was reached. When the preparation was rapidly rewarmed 
from 20° C (1° C every 10 sec), although the frequency was higher through- 
oul the temperature range, the temperature at which the discharge 
stopped was the same as before (Fig. 2). 

‘n all the experiments it was possible to record the normal response to 
sty'ttch of the muscle; when the regular cold response was present, stretching 
produced a sharp increase in rate followed by adaptation (Fig. 3). 

On rélaxation there was a pause of one or two impulses before the cold 
response was resumed. This occurred during the phase of hyperpolarization 
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(‘off-response’) of the receptor potential (Fig. 3) (Lippold et al. 1960). 
It was clear that these were afferents from muscle spindles, since a twitch 
elicited by direct stimulation of the muscle interrupted the firing due to 
stretch. In some preparations stronger stimulation produced a burst of 
impulses presumably due to intrafusal contraction (Fig. 4) (Hunt & 
Kuffler, 195la, Matthews, 1933). 


20 


Frequency of discharge (imp./sec) 


L 
20 25 30 
Temperature (°C) 
Fig. 1. (a) Record of the discharge at 30° C in a single muscle spindle. The electrode 
was close to the nerve ending and receptor potentials precede each spike. (b) The 
relationship between the frequency of discharge and temperature. 


uw 
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Frequency of discharge (imp./sec) 


30 24 
Temperature (° C) 
Fig. 2. The relationship between frequency of discharge and temperature, (a) during 
slow cooling and rewarming (1° C/min) and (6) during rapid cooling and rapid 
rewarming (1° C/10 sec). ©, cooling; @, rewarming. 
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200 msec 


t 
Fig. 3. Record of the response to stretch in a cooled muscle (28° C), upper trace; 
in lower trace stretch is upwards. With the muscle relaxed there is a steady 
discharge; stretch gives rise to an increase in frequency followed by adaptation. 
There is a small receptor potential visible before each spike and a transient 
hyperpolarization (‘off-effect’) on release. Onset of sthetch at arrow. Voltage 
calibration 200 pV. 


Fig. 4. The effect of electrical stimulation of the whole muscle on the discharge of 
a spindle when it is stretched (lower beam), (a) Weak stimulus (downward stimulus 
artifact) produces twitch of extrafusal fibres and a silent period in the discharge 
due to stretch. (b) A stronger stimulus introduces a burst in the silent period due 
to contraction of intrafusal fibres. In both cases the stimulus produces no discharge 
in the relaxed muscle. Time trace 100 msec. 


Experiments on undissected muscle with intact circulation 


The effect of cold on spindle discharge was demonstrated in the anaes- 
thetized cat. After the appropriate ventral roots had been cut, there was 
no activity from relaxed muscle spindles at 37°C. On cooling the whole 
cat, or the leg alone, the discharge appeared at about 32°C, with the 
typical frequency of approximately 10/sec (Fig. 5). On rewarming the 
animal the firing stopped. Stretching the muscle produced a slowly- 
adapting discharge. 


Large and small afferent fibres from tenuissimus 
Not all muscle spindles in the isolated tenuissimus became active when 
cooled. Usually a third of the muscle afferent fibres from which we re- 
corded were inactive unless stretched. This estimate was formed cnraetg 
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the dissection of 70 muscles, while the nerves were being divided. It was 
confirmed in five muscles in which all afferent fibres were examined; 
1 in 3 afferents were found not to fire when cooled although they responded 
normally to stretch. 

The afferent fibres from the endings which did not respond to cold 
invariably gave the largest action potentials. These spikes were 14-3 times 
larger than those conducted from cold-sensitive endings. This was true not 
only in the dissected single afferents but also in the whole nerve trunk, 
where it was reasonable to suppose that spike size was proportional to 
fibre diameter. This was confirmed in an experiment. in which the con- 
duction velocities of large and small spikes were measured in a nerve 


Fig. 5. Cat, 42 kg anaesthetized with sodium pentobarbital 40 mg/kg intra- 
peritoneal. Action potentials recorded from single dorsal root filament from 
gastrocnemius. Ventral roots cut. (a) Whole animal cooled, rectal temperature 
32° C, muscle completely relaxed. There is a regular discharge. (b) Rectal tempera- 
ture 38° C. Muscle relaxed, no action potentials until, at first downward mark on 
lower trace, muscle gradually stretched. At second downward mark, muscle released. 
Time trace 100 msec. 


trunk. The spike height was directly proportional to conduction velocity 
and only those fibres with the largest spikes and the greatest conduction 
velocity showed no response to cold. Since conduction velocity is pro- 
portional to fibre diameter, it follows that there is a cold response only in 
sensory endings connected to the afferent fibres of smaller diameter. There 
were also fibres giving spikes of intermediate size which would fire only 


when the sy teeta was changed rapidly, although they responded to. 


stretching. 


Apart from the spike size and the conduction velocity in the afferent 
fibre, no difference was found between the nerve endings with and without 
a cold response. 

A few fibres, giving small spikes, have been found to respond to warening 
as well as to cooling. These fibres began to fire at about 39° C and stopped 
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when the temperature reached 46° C. Their response to cold and to stretch 
was the same as in otnee fibres of similar size (cf. Dodt & Zotterman, 
1952). 
| Mechanical factors 
The regular discharge at low temperatures was never affected by curare 
5-0 x 10-* (w/v), a concentration sufficient to cause complete neuromuscular 
block. With this concentration, stimulation of the nerve resulted in neither 
an accelerated discharge nor a silent period (cf. Buchtal & Jahn, 1957). 


Fig. 6. Effect of direct electrical stimulation of the muscle (dots), upper record 
during cold discharge, lower record during cold discharge when stretch is applied 
at arrow (upward movement of lower beam). Stimulation produced a silent period 
in the stretch response (after arrow) but it had no effect on the cold discharge. 
Stimulus strength same throughout. Temperature 27°C. Voltage calibration 
200 »V. Upper beam, action potentials from single fibre and stimulus artifacts; 
lower beam, time trace (100 msec). 


The discharge was not slowed when the muscle was relaxed as completely 
as possible; to reduce tension on the spindle to a minimum the muscle, 
_ free at both ends, was allowed to rest,on the bottom of the bath so that 

its weight did not stretch it. Even attempts to shorten the — by 
manipulation with needles did not slow the discharge. 

A muscle twitch elicited by direct stimulation and contracting the 
extrafusal fibres was also used to shorten the spindle (Fig. 6). In the 
completely relaxed muscle this was without effect on the firing rate, which 
suggested that the cold response was not due to a contracture in series . 
with the spindle. Slightly stretching the muscle caused an increase in 
frequency and this increase was abolished during the twitch (Fig. 6). 


Potassium 


There is a quantitative relationship between Kt concentration and. 
membrane potential (Adrian, 1956), and Katz (1950) has shown that the 
frequency of firing is ‘Proporsionss to the depolarization at the nerve 


4 
tes 
3 
i 
| 
~ 
| 
ij ry 
pay 
erg 
na 
ad 
is 
: 


224 0. C.J. LIPPOLD AND OTHERS 


terminal. Consequently, a reduction in K+ which would increase the 
resting potential should decrease the rate of firing in the cold if it were 
due to depolarization. The potassium concentration of the Krebs’s solution 
was therefore altered in order to cause changes in the resting potential. 

_ After about 40 min in K+-free Krebs’s solution, the firing began at a 


lower temperature than usual, and although the temperature—frequency 


curve was of the characteristic shape, the frequency throughout was 
reduced. The response to stretch was still present. Increased K+ concen- 
tration raised the rate of firing and extended the temperature range over 
which it occurred. The concentration of K+ used was insufficient to stimu- 


ul 


Frequency of firing (imp./sec) 


8 32 


Temperature (° C) 


Fig. 7. Frequenty of firing plotted against temperature (abscissa) of a single spindle 
in different K+ concentrations: @, 86mm K+; O, 5-75mm Kt; @, K*-free 
Krebs’s solution. | 


late the nerves directly, to produce muscle contraction, ’or to interfere 
with the stretch response. If the nerve was pinched within the muscle all 
firing was abolished. The effects of both increased and decreased K+ 
concentration were reversible on soaking the muscle in normal Krebs’ s 
solution for 30-45 min (Fig. 7). 

_ We have shown previously that the responses to cold were found in 
endings innervated by fibres of small diameter. When using high K+ 
concentratis we often observed characteristic cold discharges in the 
larger fibres which normally were silent unless stretched. 


Polarization of nerve terminals : 


An increase in frequency of the discharge due to cold 1 was brought 
about by depolarization of the nerve terminals with direct current. Con- 
versely a decrease or cessation occurred when the current was reversed 
and the terminal hyperpolarized. This alteration in frequency was directly 


t 
.. 
+ 
7 
4 
d 5 
4 
4 
4 


COLD RESPONSE OF MUSCLE SPINDLES 225 


proportional to the current flow (Fig. 8). Stringent precautions (cf. Lip- 


pold et al. 1960) were taken to ensure that the nerve terminals alone were 
being excited. 


1 sec 


Fig. 8. Polarization of nerve terminals. The lower trace is the current flowing 
through the preparation; upward deflexion, spindle — ve. The cold discharge (upper 
trace) is accelerated by depolarizing the spindle and stopped by hyperpolarizing it. 
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Fig. 9. The frequency of firing plotted against temperature of a single spindle at 
different muscle lengths, where @ is at 95% of the resting length in the body, 
© is at 110% and @ is at 131 %. 


Alteration in resting length 
Another way of depolarizing the nerve terminals is to keep the muscle 
slightly stretched but not sufficiently to evoke a maintained stretch 
response. This produced the same changes in firing-rate and temperature— 
frequency curves as did increased K* concentrations (Fig. 9). In all these 
procedures, pinching the nerve at’ its entry to the muscle abolished 
impulses due to cold, stretch and polarization. 


Measurements of threshold 


The thresnold to stretch is reduced at the lower temperatures. We 
measured the threshold at different temperatures in two ways: one in- 


volved a step-wise stretch of the muscle, the other a sinusoidal displace- 
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ment of varying magnitude but of fixed frequency (Lippold et al. 1960). 
In each case threshold was defined as the minimum displacement producing 
' a single action potential. These determinations of threshold were carried 


out on fibres of large diameter which did not fire as a result of cooling, 


because a cold response masked threshold effects. The threshold in both 


types of experiment progressively fell as the temperature was lowered 
and reached a minimum value at about 30°C (Fig. 10), which is about 
the temperature at which the cold response is greatest. 
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Temperature (° C) 
Fig. 10. Measurements of threshold to stretch at different temperatures. Threshold 


is measured with sinusoidal displacements in a single spindle which had no cold 
response (see text). Ordinate, % maximum stretch. 


The above experiments were heal to measure the threshold of 
stimulation for a single spike; it is also possible to measure a different 
threshold—the minimum stretch required for a discharge lasting 10 sec 
or more. This threshold fell as the bse cation was lowered and reached 
a@ minimum at 26° C. 

A similar relation between saeahoid and temperature was found in 
fibres which did have a cold response. In this case it was necessary to 
measure the minimum stretch required to produce an increase in frequency. 
The threshold declined as the temperature fell from 37° C to about 28° C, 
and then rose steeply as the temperature was lowered still further, although 
the cold discharge was present. Quantitative measurement was difficult, 


but there was no obvious difference between the large and the small 
fibres in this respect. 
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The sensitivity of muscle spindles to a given stretch was measured at 
different temperatures in most experiments. A stretch at 37°C, which 
would evoke a high-frequency burst of impulses (300/sec), would produce 
at 20° C a just detectable increase in frequency of the firing due to the 
cold discharge. This was true in all experiments and a similar effect occurred 
in large fibres from spindles without the cold response. | 
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_ Fig. 11. Measurement of threshold to stretch sufficient for-a maintained dis- 
charge of more than 10sec at different temperatures. Stretch expressed as % 
over resting length. Fibre without cold response (see text). 


The effect of calciwm 


‘Calcium is known to increase the stability of the namietin in nerve 
and muscle. Increasing the Ca*+ concentration in the Krebs’s solution 
from 2-46 to 3-69 mm completely stopped the response to cold while the 
stretch response could still be elicited. The sensitivity of the receptors 
varied inversely with the Ca*+ concentration, but no precise measurements 
of threshold were made. 

Reducing the Ca*+ concentration to 1-23 mm initially increased the 
sensitivity of the spindle to a given stretch (increasing the frequency and 
duration of the burst of impulses). Then, after approximately 30 min, 
the temperature and frequency range of the cold response was increased 
(Fig. 12), 

Diminished Ca?+, like increased K+, made spindles innervated by large 
fibres, which had no cold response in normal Krebs’s solution, develop one. 


Receptor potentials | 
Receptor potentials were recorded by the method described by Lippold. 


et al. (1960) at the beginning and end of the cold ba cama Figure 13 
15-2 
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shows a record of the cold response at 32° C which was recorded close to 
the nerve ending. The receptor potential can be seen building up before 
each action potential. The discharge was just about to stop as a result 
of rewarming but in the interval where one spike has dropped out no 
abortive spike can be seen. The receptor potential is still present but is 
not large enough to generate a spike and there are no large oscillatory 
potentials. 
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| Temperature (° C) 
Fig. 12. The effect of calcium concentration on the frequency of firing at different 
temperatures; © in normal Krebs’s solution containing 2-46 mm-CaCl,; © in 
3°69 mM concentration; @ in 1-23 mm concentration. 


Fig. 13. Action potentials recorded close to nerve entry from a single spindle at 
32° C when the cold response is about to stop on rewarming. Both records show 
action potentials dropped out. The receptor potentials are recorded but show no 
oscillations or abortive spikes during these gaps. Lower record gain increased 
3x and sweep speed 2x. Voltage calibration, upper trace 200 nV, lower trace 
100 »V. Time marker, upper trace, 50 c/s. 
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DISCUSSION 


It is clear from our results that muscle spindles in the mammal fire 
spontaneously, in the absence of stretch, when they are brought to 
temperatures below 32° C. It might be expected that spindles would 
give rise to a brief discharge on rapid cooling, for Bernhard & Granit 
(1945) have described certain nerve fibres which respond to large, quick 
temperature changes by initiating several spikes. Muscle spindles, how- 
ever, fire with a regular, non-adapting discharge, of frequency dependent 
upon the temperature and not its rate of change. The cold response 
of muscle spindles does therefore seem to be a specific effect of low 
temperature. 

There are two possible explanations of this cold response in muscle 
spindles. One is that at low temperatures the physical properties of the 
muscle or the immediate surroundings of the nerve terminal are altered in 
such a way that a constant deformation of the sensitive membrane is 
produced. We have experimental evidence that this hypothesis is unlikely. 
All attempts to shorten further the relaxed muscle spindle, either by direct 
manipulation or by extrafusal twitches, fail to stop the cold discharge. 
In addition, the discharge is regular, of comparable frequency in different 
experiments and has a characteristic temperature—frequency curve which 


_ is similar to the discharge of a specific cold receptor (Hensel & Zotterman, 


1951a). Cold cannot produce its effect in a specific cold receptor by a 
mechanical deformation of the sensory endings because these are not 
sensitive to mechanical stimulation (Dodt & Zotterman, 1952). 

The second hypothesis which could be invoked to explain the cold 
response is that low temperatures alter the properties of the nerve terminal 
membrane. In the first place it is possible that the normal relation between 
membrane potential and firing rate, found by Katz (1950) to be linear, 
is altered or has a different slope in the cold. If this factor was solely 
responsible, it would be necessary to suppose that firing in the cooled 


terminal now occurred at the resting potential level. In other words there 


must be a reduction to zero in the threshold for firing, as a result of cooling. 
This would be similar to the spontaneous discharge observed when nerves 
are immersed in Ca*+-free media. One might therefore expect that the 
sensitivity to a given depolarization or stretch would be greater on 
cooling. 

In fact the convefse is true. In our experiments a degree of stretch of 
the muscle which would evoke a high-frequency burst of action potentials 
at- body temperature would only give a just detectable increase in firing 
rate at 20° C (when the cold discharge was present). However, in Ca*+-free 
media at body temperature the spindles are firing spontaneously and their 
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sensitivity to stretch is increased. It is therefore unlikely that changes 
in the threshold for firing and in the sensitivity of the — can 
explain the production of the cold discharge. 

A more attractive explanation is that low temperatures act by de- 
polarizing the membrane of the nerve endings. All those factors which 
are known to depolarize membranes increase the discharge yet do not 
alter the general form of the relation with temperature. Furthermore, 
the same factors produce the characteristic discharge in spindles which 
otherwise do not have one. Conversely, hyperpolarizing the membrane 
reduces or abolishes the discharge. With present techniques it is not possible 
to demonstrate directly a depolarization due to cold; the nerve terminals 
are too small to enable intracellular recordings to be made. 

It is interesting to observe that it is only in the case of recordings made 
from smaller.fibres that this cold response can be obtained. This may 
reflect some functional or anatomical difference in the endings connected 
to the small fibre. Hensel & Zotterman (19515) also found that pressure 
receptors with axons below about 10, in diameter would give a brief 
discharge when they were rapidly cooled, whereas those with axons of 
diameter greater than this did not do so. Douglas, Ritchie & Straub (1959) 
found that cooling caused a discharge in mammalian C fibres (as distinct 
from their endings) which depended upon their diameter. In the muscle 
spindle, however, it is the nerve ending which responds to cold, since 
separating the nerve from its receptor abolishes the discharge. 

Since the cold discharge occurs in the anaesthetized but otherwise intact 
animal, it is relevant to consider its physiological implications. We do not 
at present know whether a continuous low-grade discharge of about 
10-15/sec from more than half of the stretch receptors in a cooled limb 
would have any reflex or central effects. : 


SUMMARY 

1. Spindles in the completely relaxed tenuissimus muscle of the cat 
gave a regular afferent discharge at temperatures below about: 32° C, 
while still having a normal response to stretch. 

2. Two-thirds of afferent fibres from stretch receptors had this property ; 
those without the response invariably had the largest axons. In high K* 
or in low Ca*+ concentrations the large fibres developed a response to 
cold. 

3. Factors which caused depolarization of the nerve ending (increased 
K* concentration, stretch, d.c. polarization) accelerated the discharge. 
Hyperpolarization (d.c. polarization, or low K+ concentration) reduced or 
abolished the activity. On the other hand, full relaxation of the muscle 
or twitches of the extrafusal fibres did not affect the discharge. 
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4. The threshold to stretch also fell in the cold. This would be expected 
if depolarization of the membrane were occurring or its excitability were 
increased. 

5. This response to cold is similar to that found in specific cold receptors. 


We are indebted to the Nuffield Foundation for a grant in support of this work. 
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VASOMOTOR FIBRES TO SKIN IN THE UPPER, ARM, 
CALF AND THIGH 


By D. A. BLAIR, W. E. GLOVER anp I. C. RODDIE 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 30 November 1959) 


Though the responses of the hand and forearm skin blood vessels to 
body heating and cooling are qualitatively similar there is a difference in 
the pattern of vasomotor control in the two areas. The blood vessels of 
the hand are normally subject to a high degree of vasoconstrictor tone 
even when the subject is comfortably warm. Blocking the nerves to the 
hand with local anaesthetic normally increases the blood flow through the 
hand to about 30-40ml./100 ml./min (Roddie, Shepherd & Whelan, 1957 a). 
The very large increase in hand blood flow during body heating seems due 
entirely to release of vasoconstrictor tone. Despite the evidence for 
vasodilator fibres to the hands of patients with Raynaud’s disease (Lewis & 
Pickering, 1931), careful investigation has failed to provide any evidence 
that such fibres are involved in the vasodilatation during body heating in 
the hands of normal individuals. During body heating the blood flow in 
the normal hand does not exceed that in the nerve-blocked hand (Warren, 
Walter, Romano & Stead, 1942; Sarnoff & Simeone, 1947; Arnott & 
Macfie, 1948; Gaskell, 1956; Roddie, Shepherd & Whelan, 1957c) and 
atropinization of the hand tissues fails to reduce the vasodilatation ( ell, 
1956; Roddie, Shepherd & Whelan, 19575). ! 

In forearm skin, however, the vessels are not subject to any apprétiable 
vasoconstrictor or vasodilator tone when the subject is comfortably warm. 
When the cutaneous nerves to the forearm are blocked under these condi- 
tions there is little change in flow (Grant & Holling, 1938; Doupe, Cullen & 
Macaulay, 1943; Edholm, Fox & Macpherson, 1957). If the nerves are 
- blocked when the subject is-cold an increase in skin blood flow is observed, 
indicating the presence of vasoconstrictor fibres (Roddie, Shepherd & 
Whelan, 1957d). The fall in forearm blood flow during body cooling can 
be prevented by intra-arterial administration of bretylium tosylate, an 
adrenergic blocking agent (Blair, Glover, Kidd & Roddie, 1959) showing 
that the vasoconstrictor fibres in forearm skin are adrenergic. The increase 
_ in skin blood flow during body heating seems to be due to the activity of 
cholinergic nerves producing vasodilatation. It does not occur if the 
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sympathetic nerves to forearm skin are blocked (Grant & Holling, 1938; 
Doupe et al. 1943; Edholm et al. 1957; Roddie et al. 1957 d) and it is reduced 
and delayed by atropinization of the forearm (Roddie et al. 19576: Fox & 
Hilton, 1958). There is now evidence that the skin vasodilatation in the 
forearm during heating may be due to products of sweat-gland activity 
rather than to the excitation of specific vasodilator fibres (Fox & Hilton, 
1958). 

In view of the contrast between the vasomotor innervation of hand and 
forearm it seemed desirable to study the innervation of skin areas elsewhere 
in the limbs and the present paper describes some experiments which 
were designed with this end in view. 


METHODS 


Nine experiments were performed on six healthy young adults lying recumbent in a 
comfortably warm room (temperature 21-23° C). Subjects were lightly clad, but covered 
with a blanket. In any one experiment blood flow was measured bilaterally in either forearm, 
upper arm, calf or thigh. Forearm blood flow was measured by means.of the water-filled 
plethysmographs described by Greenfield (1954). A larger plethysmograph with a suitably 
sized sleeve was used to measure flow in the calf and upper arm, and in thinner subjects, the 
thighs. In all experiments the plethysmograph was maintained at 35°C. During measure- 
ments the circulation to the limb distal to the plethysmograph was arrested by a cuff - 
inflated to 200 mm Hg. A collecting cuff was applied just proximal to the plethysmograph. 
After the subject had rested in the laboratory for about 1 hr, resting blood flows were 
measyred on the two sides. The position of the plethysmograph on the left limb was marked 
with a skin pencil, and the plethysmograph was then removed from the limb. The positions 
of the cutaneous nerves supplying the skin area under study were determined by faradic 
stimulation. The nerves were traced proximally up the limb and blocked by infiltrating 
1-2 ml. of 2 % lignocaine containing adrenaline (1: 80,000) around each of them. The block 
was performed as far away as possible from the plethysmograph area. When about 80% or 
more of the skin area under study had become anaesthetic, the limb was replaced in its 
original position in the plethysmograph and the blood flow was again measured bilaterally 
at intervals until the end of the experiment. The anaesthesia of the skin area was checked 
at intervals throughout the experiment and, where necessary, further injections of local 
anaesthetic were made. 

The subjects were then cooled for about 40 min. The blanket was removed and the room 
temperature was allowed to drop to 16-18° C. The subjects’ feet (forearm and upper-arm 
experiments) or hands (calf and thigh experiments) were immersed in water at 17°C. Iced 
water was sprayed in a current of air from a vacuum cleaner pump over their naked chests 
and abdomens. Shivering frequently occurred in the first few minutes of cooling but then 
ceased and the subject was reasonably comfortable during the period in which observations 
were made. | 

Indirect heating was then applied. The room temperature was returned to 21-23° C. The 
subjects were wrapped in blankets and their feet and calves (upper arm and forearm experi- 
ments) or hand and forearm (thigh and calf experiments) were placed in stirred water at 
44°C. Heating was continued for 40-60 min. This degree of heating usually causes an 
increase in body temperature of about 1° C and is accompanied by profuse sweating. 
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RESULTS 


Figure 1 illustrates the result of an experiment in which blood flow was 
simultaneously measured in both forearms. At the beginning of the 
experiment, when the subject was comfortably warm, the blood flow 
through each forearm was about 4ml./100 ml./min. Blocking the cutaneous 
nerves to the left forearm caused little change in the level of blood flow 
in either arm. Cooling the body caused a 58 % fall in the blood flow in the 
normal forearm, but only a 12% fall on the nerve-blocked side. This is in 
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Fig. 1. The effects of body cooling and heating on blood flow in the normal and 
cutaneous-nerve-blocked forearm, upper arm, calf and thigh: gp right side; 
C1 left side. C.N.B. = cutaneous nerves on left side blocked with local anaesthetic. 


keeping with the conclusion that the blood vessels in forearm skin are 
innervated with vasoconstrictor fibres which are activated in response to 
cooling the body (Roddie et al. 1957c, d). Heating the body caused a 93% 
increase in blood flow above the resting level in the normally innervated 
forearm, whereas it only increased by 12% on the nerve-blocked side. 
Visible sweating was observed in the normal though not the nerve- 
blocked forearm. This result confirmed the findings of Edholm et al. (1957), 
which indicated that the vasodilatation in forearm skin during body heating 
is due to an active vasodilator mechanism mediated through fibres 
running with the cutaneous nerves. 

In four experiments of similar design the vasomotor innervation of the 
skin of the upper arm was studied (Fig. 1; Table 1). The pattern of result 
was similar to that found in the forearm. When the subject was comfort- 
ably warm, blocking the cutaneous nerves to the upper arm caused little 
change in blood flow, the average change being a fall of 0-2 ml./100 ml./ 
min. However, when the subject was subsequently cooled, the average 
fall in blood flow in the nerve-blocked upper arm was only 12%, whereas 
in the normal upper arm the average fall was 67° of the resting level. 
Nerve block also depressed the vasodilatation during body heating. The 
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average increase in flow on the nerve-blocked side was 41° above the 
resting level, whereas the average increase on the normal side was 79 %. 
It is likely that the difference would have been greater had the cutaneous 
nerve block been complete in all instances. 
A similar pattern emerged in two experiments on the calf (Fig. 1; 
Table 1). Though cutaneous nerve block caused a small increase in blood 
flow (average 0-7 ml./100 ml./min), an increase (average 0-4 ml./100 ml./ 
min) was also seen in the opposite (control) limb. Nerve block did not, 


TaBLE 1, The effects of body cooling and heating on blood flow in normal (control) limbs 
and limbs with the cutaneous nerves blocked (test limbs). The figures in the table are 
average values obtained for blood flow (ml./100 ml./min) during 5 min periods before nerve 
block, after nerve block, during body cooling and during body heating | 


Control limb - Test limb 
Before After Before After 
block block block block 


of test oftest During During of test oftest During During 
Subject Part studied limb limb cooling heating limb limb cooling heating 


W.E.G. Forearm 4-2 4-0 1-7 6-7 4-0 4-2 3°7 4:7 { 
B.G. Upper arm 4-2 4-0 0-8 7-0 4-0 3:7 2-7 F 
L.A. Upper arm 3-7 4-2 2-0 75 3-0 2-5 3-0 4-0 : 
D.A.B. Upper arm 3-0 2-9 1-4 3-0 3-0 4-9 
LC.R. Upper arm 5:7 1-3 7-0 2-0 4:5 
D.A.B. Calf 3°6 3-6 1-8 6-5 3-6 4-3 3°7 3-0 
W.E.G. Calf 17 2-4 1:0 5-0 1-4 2:1 1-7 2-0 
LC.R Thigh 2:7 1:8 3:8 1-8 3-0 2-8 
P.H Thigh 1-8 3-0 1-5 3-8 1-8 2-4 2-4 2-0 


therefore, greatly alter the level of flow relative to that on the control 
side. Body cooling caused an average reduttion of 53% in the blood flow 
in the normal calf but only a 16 % reduction in the nerve-blocked calf. In 
response to body heating there was a 94% increase in flow above the 
resting level on the normal side but there was no increase at all on the 
nerve-blocked side. | 

In two experiments on the thigh similar results were obtained (Fig. 1; 
Table 1). Though cutaneous nerve block resulted in a rise in blood flow, 
there was a similar increase on the normal side. Cooling the body resulted 
in an average fall in blood flow of 37 % on the normal side compared with 
a fall of only 7% on the nerve-blocked side. Heating the body resulted in © 
an average increase in flow of 36% on the normal side, whereas the blood 
flow on the nerve-blocked side showed no increase. , 

It is clear, therefore, that in the upper arm, calf and thigh as in the 
forearm, cutaneous nerve block in a comfortably warm subject does not 
result. in any important change in flow relative to that in the control 
limb. In response to body cooling and heating limb blood flow decreases 
and increases respectively. These changes in flow are depressed or abolished 
by blocking the cutaneous nerves to the part. 
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DISCUSSION 


Cutaneous nerve block greatly reduced or abolished the changes in 
blood flow during body heating and cooling. It follows that the changes 
which normally occur are brought about by vasomotor nerves in skin. If 
methods are employed in the forearm which allow simultaneous estimation 
of skin and muscle blood flow, it can be shown that the increase in forearm 
blood flow during body heating is confined to the skin. For example, 
when skin and muscle blood flow in the forearm are simultaneously esti- 
mated by Hensel’s heated thermocouples (Barcroft, Bock, Hensel & 
Kitchin, 1955), or by changes in the oxygen saturation of effluent blood 
from superficial and deep forearm veins (Roddie, Shepherd & Whelan, 
1956), skin but not muscle flow increases during body heating. Body 
heating fails to cause an increase in forearm blood flow when the skin 
circulation is suppressed by adrenaline iontophoresis (Edholm, Fox & 
Macpherson, 1956). The present experiments indicate that a similar 
situation prevails in the upper arm, thigh and calf, and provides further 
evidence that the ‘vasomotor centres’ controlling skin vessels can function 
independently of those controlling muscle vessels. 

The pattern of vasomotor control of skin in the upper arm, calf and 
thigh appears similar to that in the forearm. The finding that cutaneous 
nerve block caused little change in the blood flow in these areas indicated 
that the skin vessels were not subjected to any important vasoconstrictor 
or vasodilator tone when the subject was comfortably warm. Body cooling 
caused the blood flow on the normal side to fall below that on the nerve- 
blocked side, indicating the presence of vasoconstrictor fibres. During 
cooling the blood flow in the forearm, upper arm, calf and thigh fell to 
about half that of the previousresting level. This degree of reduction in flow 
has been obtained in the forearm by iontophoresis of adrenaline into the 
skin (Cooper, Edholm & Mottram, 1955) which has been shown to suppress, 
completely or almost completely, the cutaneous circulation (Edholm et al. 
1956). It would appear from the present experiments that the activity 
of vasoconstrictor fibres in forearm skin can also almost aompately 
suppress the skin circulation. 

During body heating the blood flow on the normally innervated side 
rose substantially above that on the nerve-blocked side. This finding shows 
that the increase in blood flow that normally occurs is due to an active 
vasodilator mechanism. Though there is no evidence which definitely 
excludes the participation of specific vasodilator fibres in this response, 
it now seems more probable that the vasodilatation is due to release of 
bradykinin-forming enzyme from the activated sweat glands, and the 
subsequent formation of bradykinin (a polypeptide with vasodilator 
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properties) in the subcutaneous tissue space. Bradykinin-forming activity 
has been demonstrated in sweat collected from the human hand and fore- 
arm, and an increase in bradykinin activity occurs in the perfusate of the 
subcutaneous tissue space of the forearm during body heating (Fox & 
Hilton, 1958). There is a close analogy between the behaviour of the sweat 
glands and the salivary glands, where the vasodilatation associated with 
glandular activity has been shown to be due to release of bradykinin- 
forming enzyme from the activated gland (Hilton & Lewis, 1956). In 
certain animal species which lack eccrine sweat glands the skin vaso- 
dilatation in response to body heating seems to be due exclusively to 
- release of vasoconstrictor tone (Green, Howard & Kenan, 1956). Finally, 
emotional sweating which occurs in the hand during stress is frequently 
accompanied by a vasodilatation (Allwood, Barcroft, Hayes & Hirsjarvi, 
1959). | 

The present experiments indicate that the skin blood vessels of the 
upper arm, calf and thigh take part in temperature regulation. During 
body cooling the blood flow through these parts fell due to vasoconstrictor 
nerve activity, and during body heating it rose due an active vasodilator 
mechanism. The fact that the blood-flow changes with heating and cooling 
were of different sizes in different areas does not necessarily imply that 
there is any quantitative difference in the behaviour of the vasomotor 
nerves in these areas. It is possible that it is only a reflexion of the varying 
proportions of skin, muscle and bone in the different parts. 


SUMMARY 


1. Blood flow was measured bilaterally in the upper arm, calf or thigh 
of normal subjects by venous occlusion plethysmography. 

2. When the subject was comfortably warm, blocking the cutaneous 
nerves to the experimental side with local anaesthetic caused little change 
_ in flow on the experimental side relative to that on the control side. It 
was concluded that the skin blood vessels in these areas, like those in the 
forearm, are not subjected to any important vasoconstriction or vaso- 
dilator tone under these conditions. 

3. When the subject was subsequently cooled, the blood flow on the 
innervated side fell to a greater extent than on the nerve-blocked side. 
This result indicates the presence of vasoconstrictor fibres in the skin of 
the areas studied. | 

4, When the subjects were heated, the blood flow on the control side 
rose substantially above that on the nerve-blocked side, indicating that 
the vasodilatation was due to an active vasodilator mechanism mediated 
through fibres running with the cutaneous nerves. — 
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TISSUE 5-HYDROXYTRYPTAMINE AND URINARY 
5-HYDROXYINDOLEACETIC ACID AFTER PARTIAL OR 
TOTAL REMOVAL OF THE GASTRO-INTESTINAL TRACT 

IN THE RAT 


By G. BERTACCINI © 
From the Institute of Pharmacology, University of Parma, Italy 


(Received 11 January 1960) 


It is generally accepted that the gastro-intestinal mucosa represents the 
most important site of production and storage of 5-hydroxytryptamine 
(5-HT) in mammals. In the rat, the total 5-HT in the gastro-intestinal 
tract may vary according to age, weight, strain, diet, and probably season, 
between 80 (Erspamer, 1954) and 300 ug/kg (Bertaccini, unpublished). 
Of this total amount, about 8-15 % is contained in the stomach, 30-40 % 
in the small intestine and the remaining 45-60 % in the large intestine. 

On the basis of these data and the easy availability of a large number of 
uniform animals, rats seemed particularly suitable for studying the effect 
of removal of important portions of the 5-HT-secreting intestinal tissue 
or of the entire gastro-intestinal tract, on the serum and tissue levels of 
5-HT as well as on the urinary excretion of 5-hydroxyindoleacetic acid 
(5-HIAA), the main metabolite of 5-HT. 3 


METHODS 


Experimental animals. The large intestines were removed from three groups of rats 
(300 in all) weighing 180-250 g. Each group consisted of animals of the same breed and sex, 
and of approximately the same age. The first experiment was carried out on male rats kept 
on a non-standard laboratory diet; the second on female rats, and the last on male Wistar 
rats. In the second and third experiments the rats were kept on the Rockland diet. Com- 
plete gastro-enterectomy was performed on 60 rats of both sexes; 30 rats were kept as 


controls. ; 
Operation procedure and post-operative treatment 

Removal of the large intestine. The rats were starved 24 hr before operation, but were 
allowed water ad lib. : 

The well known resistance of rat’s peritoneal cavity against infections allowed the operation 
to be performed with care for cleanliness but without rigorous asepsis. The operative area 
was shaved and painted with 5% tincture of iodine U.S.P.; penicillin 10,000 u./rat was 
given subcutaneously for 1 day before and 2 days after the operation, to reduce the risk of 
peritonitis due to leakage at the site of anastomosis. 

Under light ether anaesthesia the abdomen was opened by a mid-line incision and the 
appendix was delivered from the peritoneal cavity on to saline packs. Beginning from the 
ileocaecal valve, all the blood vessels supplying the portion of the intestinal tract that was to 
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be excised were ligated. The large intestine was separated from its mesentery by careful 
dissection up to a point as near as possible to the anus, and the gut without its mesentery 
was thus gently excised with the minimum trauma and stretching. After the resection the 
continuity of the bowel was restored by an end-to-end anastomosis, with fine silk and a 
small curved needle, Side-by-side anastomosis was found to be more difficult to perform 
and less well tolerated. The abdomen was then closed with four or five interrupted sutures. 
Catgut was used for muscle layers and silk thread for skin. Some of the controls were sub- 
jected to simple laparotomy. 

After the operation the animals were housed, in groups of two or three, in dry, clean 
cages. Twice in the first 24 hr 6 ml. of saline solution with 5% glucose was administered 
subcutaneously to each rat. From the second day on animals were offered milk and sugar, 
soaked bread and fresh liver in addition to amino-acid and vitamin mixtures. The rats were 
returned to their usual diet a fortnight after the operation. Intact and laparotomized contro! 
rats were always given the same diet as the operated ones. 

The post-operative course was very satisfactory and the survival rate was 70-75%. The 
only trouble was a diarrhoea which lasted for about 1 month. Thereafter the stools became 
more formed. All animals lost weight during the first month, but then resumed normal 
growth rates comparable to, and in some instances greater than, in the controls. Operated 
rats showed, after recovery, a striking voracity. 

As in the experiment of Clatworthy, Saleeby & Lovingood (1952), who examined dogs 
deprived operatively of 40-80 % of the small intestine, Bertaccini, Nobili & Zamboni (1959) 
found that 3 months after the operation there was a significant rise in haemoglobin con- 
centration and erythrocyte and platelet counts. In addition, operated rats presented a 
35 % increase in oxygen consumption above that of control rats and a slight rise (+ 0-6° C) 
in body temperature. 

The animals were killed by decapitation at varying intervals after the resection. The 
viscera appeared quite normal and, except in rats operated 10 and 15 days before, no traces 
of intestinal suture were found. However, the stomach plus small intestine of operated rats 
showed a4 weight increase of 10-20% compared with the controls. 

Total gastro-enterectomy. The animals were not starved before operation. Under ether 
anaesthesia a long, mid-line incision was made and wide exposure was obtained by the use 
of a retractor. First, gastrectomy was performed as described by Meli (1957). After this the 
bile duct was delivered and gently separated from mesentery and duodenal vessels. A small 
portion of mucosa of the duodenal loop including the outlet of the bile duct was isolated 
between clamps, severed and then inserted into the abdominal wall, to drain the bile ex- 
ternally. A single ligature was placed round the coeliac and the superior mesenteric 
arteries as near the aorta as possible. The rectum with its vessels was clamped, ligated distal 
to the clamp, and then cut between the clamp and the point of ligation. Finally, the whole 
gut, freed from its ligamentous and vascular attachments, was removed. 

In some groups of rats, to avoid the contamination of urine from bile, which could inter- 
fere with the estimation of 5-HIAA, the bile duct was left free in the abdomen. After 
removing the gastro-intestinal tract, the abdomen was filled with sterile gauze. Penicillin 
10,000 u./rat was given immediately after the operation, and 6 ml. of physiological saline 
solution with 5% glucose was injected subcutaneously every 6hr. Because of the severity of 
this operation only 40-50 % of the animals could be used for saacueinenes They were killed 
by decapitation 1-3 days later. 


Analytic procedure 
Preparation of acetone extracts. The following tissues and organs were examined: blood, 
gastro-intestinal tract, spleen, brain, lungs, liver, kidneys, ears and hind paws. 
Blood was kept for 2-3 hr at room temperature, then during the night at +4° C. The 
serum was separated by centrifugation and then treated with 4 vol. of acetone. After 
standing during the night the liquid was filtered and the clear filtrate used for bioassay. 
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The gastro-intestinal tract was opened longitudinally, washed under running tap water 
and carefully dried with filter paper. It was minced with scissors and extracted with 4 parts 
(4 ml./g) of acetone for 24 hr, and then, after decanting the liquid, re-extracted for another 
24 hr with 3-4 parts of 80% acetone. The combined filtrates were stored in the cold until 
used. All other tissues were treated in the same way but without washing. Before the bio- 
assay acetone was removed by evaporation under reduced pressure at 40-50° C, or under an 
air stream in a boiling water-bath. The remaining aqueous liquid was brought to the desired 
volume with physiological saline solution. 

Bioassay of 5-HT'. Ovariectomized adult rats were injected once or twice with 50-100 yg 
oestradiol dipropionate 4—7 days before they were used. Uteri from these animals were 
suspended in a 10 ml. bath of atropinized (10-’) Tyrode solution, kept at 30° C and bubbled 
through with air. The period of contact between uterus and the active solution (5-HT or 
tissue extract) was for 3—4 min and the interval between doses was 2~3 min. In the assays 
particular attention was paid not only to the heights of the contractions but also to how well 
they were maintained (Erspamer, 1940). The standard was 5-HT creatinine sulphate 
(Farmitalia 8.p.A., Milan); the results, however, were always expressed in terms of 5-HT 
base. 

Urine collection and estimation of urinary 5-HIAA. Groups of four rats were put into 
diuresis cages. Urine was collected in graduated cylinders containing 0-3 ml. of chloroform 
and 0-3 ml. of acetic acid, in order better to preserve the excreted 5-HIAA. At the end of 
the collection period the urine was either immediately frozen or treated with 1 vol. acetone 
which, of course, had to be removed by evaporation before the estimation of 5-HIAA. The 
acetone-urine was stored at —15°C. In preliminary experiments it was found that the 
content of 5-HIAA remained unchanged for at least 1 week in frozen urine, and for up to 
15 months in urine plus acetone kept at — 15° C. The 5-HIAA in urine was estimated by 
the colorimetric method of Macfarlane, Dalgliesh, Dutton, Lennox, Nyhus & Smith (1956), 

Chromatographic detection of tryptophan and its metabolites. This was carried out in control 
as well as in operated rats after a loading dose of L-tryptophan (100 mg/kg by gastric tube). 
After the tryptophan administration the animals were housed in metabolism cages and 
stools and urine were collected separately for 24 hr. Faeces were weighed and extracted 
with 4 parts (4 ml./g) of acetone; urine, reasonably free from faecal contamination, with 
1 part of acetone. | 

The concentrated extracts were chromatographed ascendingly on Whatman No. 1 paper. 
For unidimensional chromatograms the solvent was the n-butanol—acetic-acid—water 
mixture (4:1:5); for bidimensional chromatograms the same mixture was used for the 
first run and distilled water for the second. Tryptophan and other indoles were visualized 
by spraying with a 2% alcoholic solution of p-dimethylami b Idehyde followed by 
exposure in a large glass chamber to HCl vapour; kynurenine and xanthurenic acid were 


‘visualized by their fluorescence reaction (Coppini, Benassi & Montorsi, 1958). 


RESULTS 


Tissue levels of 5-HT' after removal of the large intestine. The results on 
24 groups of rats are summarized in Table 1. The tissue contents of 5-HT 
were followed for up to 7 months after removal of the large intestines. 
In two other experiments carried out in different seasons, with male rats 
of different strain, results were obtained in substantial accordance with 
those shown in Table 1. Particular emphasis should be laid on the fact 
that brain 5-HT levels regularly presented a 20-30% decrease following 


removal of the large intestine. : 
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The following conclusions may be drawn from the tabulated data: 

(1) The 5-HT content of stomach and small intestine did not show 
significant changes at any time after operation. The observed fluctuations 
in the 5-HT levels were always within the normal range. In this respect 
it should be noted that the slight diminution in the 5-HT content, per 
gram of fresh tissue, of the small intestine of operated rats is compensated 
for by the 10-20% increase in the weight of the small intestine observed 
in these animals compared with the controls. Lae 
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Fig. 1, Daily urinary excretion of 5-HIAA after removal of the large intestine; 
O, controls, @ operated rats. Each value refers to the pool of urine obtained 
from four rats. 


(2) The same may be said for serum and all other examined tissues 
except the brain. In some cases (e.g. lungs, liver, kidneys) a tendency to 
a lowering of 5-HT levels was observed, especially 15 and 30 days after 
the operation, but, owing to the considerable variations in the normal 
5-HT content of rat tissues, it was impossible to ascribe any definite 
significance to the above occasional changes. 3 

(3) The 5-HT content of the brain was significantly lower (P < 0-01 
_In operated animals than in controls. | 

5-HIAA excretion after removal of the large intestine. The results are 
shown in Fig. 1. The daily urinary excretion of 5-HIAA was determined 
at the beginning of the experiments both in control rats as well as in the 
rats which were later to be submitted to removal of the large intestine. 
Each value refers to the pool of urine obtained from four rats. It is clear 


from Fig. 1, which illustrates an experiment lasting more than 7 months, 
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that removal of the large intestine regularly produced a conspicuous 
decrease in the daily urinary excretion of 5-HIAA. This decrease was 
already evident in the first days after the operation and reached its maximum 
during the first 2 months, the values of urinary 5-HIAA being in the operated 
animals only 50°% of those found in the controls. It may also be seen 
from Fig. 1 that, whereas the values of 5-HIAA in control rats were 
rather scattered, those in operated rats were much less so. Later on, 
starting from the third month, the urinary excretion of 5-HIAA began to 
rise both in control and in operated animals. A maximum increase was 
reached in the fifth month, then the values tended to remain constant 
until the end of the experiment. It may be noted, however, that the 


percentage increase in the operated animals was more marked than that . 


in the controls. In fact, whereas operated rats were excreting 65 yg/kg/ 
24hr on the 15th-60th days after the operation and 140 ywg/kg/24 hr 
4 months after the operation (more than 100% increase) control rats were 


. excreting 145 yg/kg/24 hr and 200 yg/kg/24 hr respectively (38 % increase). 


It is uncertain whether the general increase in 5-HIAA excretion, observed 
in the control rats during the course of our experiments, is due to the 
ageing of the animals (old rats contain in their tissues more 5-HT than 
young animals; Bertaccini, 19586) or whether it is to be ascribed to seasonal 
variation. 

Absorption of dietary tryptophan (T'P) in normal and operated animals. 
L-tryptophan is the remote precursor of 5-HT, and hence of 5-HIAA. 
A deficiency in dietary TP produces in human beings and animals both a 
reduction in tissue 5-HT and in urinary 5-HIAA; an excess of dietary TP 
has the opposite effect (Stacey & Sullivan, 1957; Eber & Lembeck, 1958; 
Zbinden, Pletscher & Studer, 1958; Towsend, Katis & Sourkes, 1958). 

It is well known that TP absorption takes place exclusively in the small 
intestine. Nevertheless, it seemed necessary to exclude the possibility 
that the reduced urinary 5-HIAA observed in our operated rats was at 
least partly due to a diminished intestinal absorption of TP. A number 
of rats were therefore given a dose of u-TP 100 mg/kg by stomach tube. 
It was possible to demonstrate by paper chromatography that absorption 
and metabolism of the amino acid were the same both in control and in 
operated animals. In fact, only traces of the administered TP were found 
in the stools and very small amounts in the urines. There were also no 
appreciable differences in the urinary excretion in xanthurenic and kyn- 
urenic acids between operated and control animals, as assessed by visual 
comparison, in Wood’s light, of bidimensional chromatograms of urine. 
Since significant differences between control and operated rats could not 
be found in 5-HT content of the small intestines, the serum and other 
tissues (except brain), it may be concluded that the reduction in urinary 
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excretion of 5-HIAA after removal of the large intestine was not in any 
way due to deficiency in TP absorption or metabolism. 
Tissue levels of 5-HT after removal of the entire gastro-intestinal tract. 
_ The results obtained are summarized in Table 2: in each experiment tissue _ 
from two to four rats was pooled. The main conclusions which may be 
_ drawn from the tabulated data are as follows: (a) In spite of acute removal 
of all the 5-HT-secreting cells of the gastro-intestinal mucosa, there was 
no appreciable change in 5-HT content in the brain, and in the ears and 


paws. (6) Serum, spleen and lungs showed a marked decrease in 5-HT 
content. 


TaBLe 2. 5-HT content (ug/g or ug/ml.) of some tissues of the rat after removal of the 
entire gastro-intestinal tract. Each experiment was done on the pooled tissues from 2—4 rats. 
When an average is given the number of experiments is shown in brackets 


Operated animals, days after operation 


Tissue Controls 1 2 3 
Brain 0-33 (5) 0-24 0-33 (5) 0-26 
Serum 0-82 (3) 0-43 0-27 (2) 0-14 
Spleen 2-40 (5) 2-00 1-43 (5) 1-30 
Lungs 3-00 (5) 1-60 1-50 (5) 0-76 
Ears 0-35 (5) 1-20 0-57 (4) -— 
Paws 0-25 (5). 0-22 0-29 (4) 0-13 


5-HIAA excretion after removal of the entire gastro-intestinal tract. The 
results shown in Table 3 demonstrate that removal of the entire gastro- 
intestinal tract produced a tremendous decrease in the urinary excretion 
_ of 5-HIAA. In the first 24 hr period the urine contained barely 10% of 
the normal 5-HIAA, in the second 24 hr period less than 3-4%. Urine 
volume was of course greatly reduced, but the urinary excretion of 5-HIAA 
in a 24hr period has’ been shown to be largely independent of the 
quantity of urine: in fact hydrated rats and rats deprived of water 
excreted approximately the same amount of 5-HIAA. 

Urinary excretion of 5-HIAA following tryptophan administration in 
_ gastro-enterectomized rats. As was previously stated, gastro-enterectomy 
produced a striking reduction in the urinary excretion of 5-HIAA. It 
then seemed worth while to establish whether this was due only to removal 
of the gastro-intestinal 5-HT-secreting tissue or also to lack of L-TP in 
other tissues which may be capable of a complete synthesis of 5-HT, 
e.g. brain tissue and mast cells. Twelve operated rats were therefore given 
4 subcutaneous doses each of L-TP 100 mg/kg, the first immediately after 
operation, and then 4, 8 and. 12 hr later. Eight intact rats were subjected 
to the same treatment. Intact rats, and operated rats which were not 
given tryptophan, acted as controls. | 

It was observed that the administration of L-TP, while causing a slight 
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increase (up to 20%) in the intact rats, did not produce any increase in 
the urinary 5-HIAA of operated rats, which excreted < 10% of the normal 

5-HIAA. Hence, it does not seem probable that lack of t-TP had played 
any important part in the reduction of urinary 5-HIAA observed in 
gastro-enterectomized animals. 


Taste 3. Daily urinary excretion of 5-HIAA (pg/kg) after removal of the entire gastro- 
intestinal tract. Each value refers to the pooled urine obtained from 2-4 rats 


After operation 
Before operation 0-24 hr 25-48 hr 
200 210 14 6 
190 170 12 4 
185 220 11 4 
205 195 26 4 
— 12 
18 — 27 
210 — 18 — 
10 — 15 — 
182 — 12 
170 — 16 


— 
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DISCUSSION 


The present experiments have demonstrated that removal of the large 
intestine in rats, while leaving virtually unaffected the 5-HT content of 
nearly all the tissues examined, produced a conspicuous decrease in the 
5-HIAA of the urine. Because no alterations in the absorption and meta- 
bolism of dietary t-TP and consequently no deficiency of L-TP, could be 
demonstrated, it is highly probable that the reduction in urinary 5-HIAA 
excretion was due to a diminished 5-HTP (5-hydroxytryptophan) and 
5-HT biosynthesis, caused by a reduction of the 5-HT-secreting tissue in 
the gastro-intestinal tract, namely the enterochromaffin cells. The per- 
centage decrease in urinary 5-HIAA excretion, especially in the first 
2 months after the operation, agrees satisfactorily with the reduction in 
the 5-HT-secreting tissue provoked by removal of the large intestine. 
The obvious conclusion is that biosynthesis of 5-HT is carried out mainly 
in the mucosal enterochromaffin cells, and that urinary 5-HIAA is derived 
mainly from 5-HT of intestinal origin, as is well known (Erspamer, 1940; 
Toh, 1954; Dalgliesh & Dutton, 1957a, b; Haverback & Davidson, 1958; 
Bertaccini, 1958a; Rosenberg, Davis, Moran & Zimmermann, 1959; 
Erspamer & Testini, 1959; Bertaccini & Chieppa, 1960). Total gastro- 
enterectomy produced a virtual disappearance of urinary 5-HIAA, in 
spite of repeated parenteral administration of very high doses of L-TP. 
This represents strong additional evidence in favour of the hypothesis 
that 5-HT is the specific hormone of the entero-chromaffin cell system 


4 
a 
ey 
4 
i 
~ 


5-HT AND INTESTINAL RESECTIONS 247 


(Erspamer & Asero, 1952), and proves also that, under normal conditions, 
practically all urinary 5-HIAA is in fact derived from the 5-HT of intestinal 


Removal of the large intestine, which, as already stated, might cause 
even a 50 % reduction in the urinary excretion of 5-HIAA, did not produce 
any significant change in the 5-HT content either of blood serum (i.e. plate- 
lets) or of other tissues, except brain. Thus, in spite of reduced 5-HT 
secretion by the enterochromaffin cells, platelets while passing through 
the small intestine absorb from the plasma enough 5-HT to maintain 
their normal content of 5-HT. It is well known that they can absorb 
5-HT against a gradient of 170/1 (Stacey, 1986). In fact, the 5-HT level 
of the part of the gastro-intestinal tract which was left in situ after opera- 


_ tion was practically normal, This is in sharp contrast with the decreased 


5-HT content of the gastro-intestinal mucosa in rats on a low-tryptophan 


. diet (Eber & Lembeck, 1958). 


Since liver, lungs, ears and paws of operated animals showed a practically 
normal level of 5-HT, it is evident that in these tissues too a normal 
absorption of 5-HT from blood or, more likely, a normal biosynthesis 
of 5-HT, has taken place, also in spite of a reduced biosynthesis of the 
amine by the enterochromaffin tissue. It should be noted that in the above 
rat tissues 5-HT is mainly localized in mast cells, which synthesize 5-HT 
from t-TP (Schindler, Day & Fischer, 1959). 

Total gastro-enterectomy produced a significant decrease in the 5-HT 
content of blood serum, spleen and lungs, but not a total disappearance 
of the substance, as in the case of urinary 5-HIAA. | 

Removal of the large intestine provoked in the rat a significant lowering 
of the 5-HT content of brain tissue. The reason for this remains largely 
obscure. It may be that the decrease of brain 5-HT is somehow correlated 
with the increase in basal metabolism and body temperature observed by 
Bertaccini et al. (1959) in operated animals. Gastro-enterectomized rats, 
even when killed 2-3 days after operation in extremely bad condition, 
showed a virtually normal brain 5-HT content. The most likely inter- 
pretation of this fact is that brain tissue carries out a.normal biosynthesis 
of 5-HT independently of the gut. Other possibilities are not easy to 
accept considering that the half-life of brain 5-HT is believed to be 
approximately 10-30 min (Udenfriend & Weissbach, 1958), so that in the 
48-hr survival period the cerebral 5-HT ought to have been renewed 
50-150 times, 

Although the results obtained in the present investigation are, on the 
whole, in favour of the hypothesis that brain 5-HT is completely of local 
origin, other alternatives should be kept in mind. In fact, besides the 
intestine, the rat contains another important source of 5-HT in the mast 
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cells. Under these circumstances it is evidently impossible to decide 
whether the 5-HT found in the brain after total gastro-enterectomy is 
produced in the brain itself from t-TP, or whether it is derived by de- 
carboxylation of 5-HTP offered to the cerebral tissue by the mast cells. 


SUMMARY 


1. Removal of the large intestine and total gastro-enterectomy have 
been carried. out in rats with the purpose of investigating the effects of 
reduction or absence of the 5-hydroxytryptamine-secreting entero- 
chromaffin cells on the biosynthesis of 5-hydroxytryptamine (5-HT). 

2. Removal of the large intestine produced a considerable decrease in 
the daily 5-hydroxyindoleacetic acid (5-HIAA) urinary excretion, inde- 
pendent of disturbances in tryptophan absorption of metabolism. The 

5-HT content of blood and other tissues examined did not show any 
- appreciable change. The only exception was the brain, res 5-HT level 
of which was reduced. 

3. Total gastro-enterectomy caused a virtual Linsibbebreince of 5-HIAA 
from the urine and a considerable lowering of the 5-HT in blood, spleen 
and lungs. No change in the 5-HT level was observed in the brain, paws 
and ears. 

4. The enterochromaffin cells of the gastro-intestinal mucosa therefore 
represent the main source of 5-HT in the rat and practically the only source 
of blood 5-HT and of urinary 5-HIAA. The results obtained in gastro- 
enterectomized rats minimize the role of mast cells in the general meta- 
bolism of 5-HT in rats, since, in spite of repeated parenteral administra- 
tion of L-tryptophan, these rats excreted < 10% of the normal 5-HIAA. 

5. The biosynthesis of 5-HT in the brain seems largely independent 
of that in the gastro-intestinal mucosa. The significance of the decrease in 
brain 5-HT after removal of the large intestine is obscure. The main- 
tenance of a normal 5-HT content in the brain during the 24~72 hr period 
following total gastro-enterectomy supports the hypothesis that neural 
5-HT is of local origin. 


This work was supported by a grant from the Rockefeller Foundation, New York. 
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Numerous experiments have shown that acetylcholine (ACh) can initiate 
afferent impulses by an action on the terminals of a variety of sensory 
nerves including mechanoreceptors, thermoreceptors and chemoreceptors. 
It has been suggested that this action reflects the normal participation of 
ACh in the initiation of sensory impulses; but experiments with ACh 
antagonists render this improbable (see Gray, 1959) and a more common 
view is that this action of ACh is a pharmacological phenomenon reflecting 
some specialization of the receptor membrane for sensory function. 

It is, however, possible that these effects of ACh have a more general 
significance and indicate a property of all nerve endings, efferent as well as 
afferent. While it is not clearly established that ACh excites efferent 
endings directly, some evidence to this effect has been obtained in several 
studies on different preparations. Coon & Rothman (1940), for example, 
have concluded that the piloerection which follows intradermal injection of 
ACh is attributable to the initiation of an axon reflex in sympathetic 
post-ganglionic fibres; and Masland & Wigton (1940) have suggested, on 
the basis of action potential studies on ventral spinal roots, that ACh 
injected close-arterially into a muscle may act directly on motor nerve 
terminals to evoke antidromic impulses. Neither type of experiment can, 
however, be taken as convincing evidence of a direct, excitant action of 
ACh on efferent nerve terminals. It has been argued that the piloerector 
effect does not involve sympathetic nerves, but some other unknown 
nervous elements (Brenning, 1956); and there is evidence that drugs may 
set up antidromic impulses in motor neurones indirectly through their 
effects on the skeletal muscle (Eccles, Katz & Kuffler, 1942; Lloyd, 1942). 

In more recent experiments on cats Riker & Szreniawski (1959) have 
provided what appeared to be new evidence for a direct stimulant effect 
of ACh on efferent nerve terminals. They found that ACh injected intra- 
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arterially into the common carotid artery regularly induced action 
potentials in the preganglionic trunk below the superior cervical ganglion, 


even when the trunk had been severed from its central connexions, and 


their analysis led them to conclude that the effect was due to ACh acting 
on presynaptic endings. Since these results have a bearing not only on the 
problem of the special organization of the membrane at nerve terminals, 
but also, as stressed by Riker & Szreniawski, on the mechanisms of 
cholinergic transmission, we have carried out the present éxperiments in 
order to examine further the excitant action of ACh on preganglionic 
structures. Our experiments demonstrate a similar effect of ACh in 
rabbits, but have led us to a different interpretation of this phenomenon. 


METHODS 


All experiments were performed on adult rabbits.of the New Zealand white variety 
anaesthetized with urethane (1-6—1-8 g/kg) given intravenously in a 25% (w/v) solution. 
A skin incision was made from the sternum along the length of the neck toward the tip of 
the mandible and a tracheal cannula was tied in. The right common carotid artery was 
exposed along its whole length in the neck by tying and cutting the muscles lying over it. 
The area was then flooded with liquid paraffin and dissection was continued under a 
binocular microscope giving x6 or more magnification. 

Tying of large arteries. The purpose of this dissection was to minimize as far as possible the 
shunting effect of the large arteries which, when present, produced the result that only a 
small fraction of any substance injected into the carotid artery reached the superior cervical 
ganglion. In each experiment all the major branches of the external carotid artery were 
ligated as far.cranially from the superior cervical ganglion as possible and in many experi- 
ments the internal carotid artery was also tied off at a level about 5 mm or more above the 
cranial pole of the superior cervical ganglion. Care was taken during ligation of large blood 
vessels to avoid any disturbance of the blood vessels supplying the superior cervical ganglion. 
One artery to the ganglion could usually be seen coming off the ascending pharyngeal artery 
and others seemed to reach the ganglion from the internal carotid artery well proximal to 
the point at which it was tied. This blood supply agrees with the scheme reported by 
Chungcharoen, Daly & Schweitzer (1952). These arteries to the superior cervical ganglion 
were not the only branches left patent. Considerable numbers of small vessels which supplied 
other tissues in the region of the superior cervical ganglion were left untied and, indeed, the 
bulk of the blood flow through the common carotid artery at the end of the dissection 
appeared to pass through these. It was deemed inadvisable to attempt to tie them off, for 
this would have risked injury to the superior cervical ganglion. 

Preparation of nerves. During the course of the dissection and ligature of the large arteries 
the opportunity was taken to identify branches of the superior cervical ganglion which were 
appropriate for electrical recording. The most suitable post-ganglionic branch was then 
dissected free, carefully cleaned and occasionally desheathed for électrical recording. The 
branch chosen was usually one which lay superficially on the external carotid artery, but 
sometimes a branch which ran from the superior cervical ganglion medially towards the 
prevertebral muscles was used. The cervical sympathetic trunk was then cut low in the neck, 
usually about 1 em above the thoracic inlet and some 4-5 cm below the superior cervical 
ganglion, i.e. well above the middle cervical and stellate ganglia. The vagus and aortic nerves 
were also tied and cut at the same level. The subsequent dissection of the cervical sympathetic 
trunk below the superior cervical ganglion varied from experiment to experiment, depending 
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upon whether it was intended to leave its circulation intact or not, and upon whether it was 
intended to record from a long or short length of nerve. 

In some experiments the major part of the trunk below the superior cervical ganglion 
and above the level of section low in the neck was left undisturbed in its connective-tissue 
investment so that there was a continuing circulation of blood through it. In such experi- 
ments only that part of the cervical sympathetic trunk which lay immediately caudal to the 
superior cervical ganglion was freed from the surrounding tissues, and then only for a length 
sufficient to accommodate one or two pairs of recording electrodes, i.e. about 1-1-5 cm. 
When the sympathetic trunk was prepared in this way, arterial blood gained access to it not 
only from vessels in the connective-tissue sheath caudal to the recording electrodes, but 
also from vessels descending in the nerve sheath from the superior cervical ganglion and 
arising usually from the same small branch of the pharyngeal artery which entered the 
superior cervical ganglion at its lower pole. 

In other experiments the cervical sympathetic trunk was cut high in the neck, leaving 
only a length of about 10-15 mm, attached to the superior cervical ganglion, to which the 
recording electrodes could be applied. Usually, when this was done, steps were taken to 
limit access of blood to the stump of cervical sympathetic trunk being recorded from. 
To this end the small blood vessels that could be identified entering the trunk at its upper 
end were tied off. Usually there were from two to four of them which could readily be 
identified and tied under x 16-25 magnification. 

Injections. Acetylcholine was injected as the chloride in the buffered Locke’s solution 
described below. It was injected into the carotid artery through a fine cannula made from 
a 25 or 28 gauge needle attached to a length of polythene tubing and inserted into the central 
_ end of the tied lingual branch of the external carotid artery. Injections were thus given 
retrogradely without occluding the common carotid artery, into the more or less complete 
cul-de-sac resulting from the ligature of the major arteries. They reached the sympathetic 
trunk and the superior cervical ganglion through the small arteries we have described. In 
those experiments in which the internal carotid artery was tied usually injection of 0-2—0-3 
ml. sufficed to ensure exposure of the ganglion to the drug. When the internal carotid artery 
was not tied, however, 0-5 or even | ml. was sometimes required. 

Perfusion. In some experiments, after the preparation had been made in the way just 
described the common carotid artery was tied low in the neck and the prepared superior 
cervical ganglion region was perfused with phosphate-buffered Locke’s solution through a 
polythene cannula tied into the common carotid artery immediately cranial to the occluding 
ligature. The Locke’s solution was oxygenated, had a pH of close to 7-2, and was delivered 
under a pressure of 80 mm Hg. It had the following composition (mm): NaCl 154; KCl, 
5-6; CaCl, 2-2; Na,HPO,, 2:15; NaH,PO,, 0-85; glucose, 10. When perfusion was established , 
the animal was killed. The flow through the perfused region was quite small, usually about 
1 ml./min, and was allowed to escape into the dead animal’s venous bed. The inferior vena 
cava was cut to avoid any build up of venous pressure. In these experiments injections were 
made as in the normally circulated preparation, i.e. through a cannula inserted into the 
central stump of the lingual artery. This retrograde technique allowed an immediate dis- 
placement of the perfusion fluid and a prompt access of the injected material to the superior 
cervical ganglion. Since the injected volume was 1 ml. and greatly exceeded the combined 
dead spaces of the injection cannula and the perfused carotid region, the superior cervical 
ganglion was exposed to the injected solution for about 1 min. At any time after an injection 
was made, it could be removed by withdrawing 2 ml. or more of fluid through the injection 
cannula, and this was usually done unless a prolonged action was desired. In all the per- 
fusion experiments the room temperature was kept at 36-37° C, so that this was the tem- 
perature of the preparation, the perfusion fluid and the injections. 

Recording and stimulating. Action potentials were recorded through bright platinum 
electrodes and capacity-coupled amplifiers. The frequency response of these amplifiers was 
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limited by low- and high-frequency shunts, such as to halve the amplitude of signals at 
35 c/s and at 500 or 2000 c/s. Electrical shocks were provided by a stimulator giving 
rectangular pulses of current and were applied to the platinum electrodes through a radio- 
frequency isolation unit (Schmitt, 1948). The electrical activity in pre- and post-ganglionic 
branches was displayed simultaneously on two oscilloscope beams and photographed on one 
moving film. i 
RESULTS 
Discharges set up by acetylcholine in the preganglionic trunk 

The discharges that ACh set up in the cervical sympathetic trunk in our © 
experiments could be grouped into those which appeared to be ascending in 
the trunk, i.e. towards the superior cervical ganglion, and those which 
appeared to be descending in it, i.e. towards the thorax. — 


0-5 sec 


100 nV 


100nV 


Fig. 1. Discharges set up by ACh in pre- and post-ganglionic branches of cervical 
sympathetic nerve with intact blood supply, and the effect of dividing the sympa- 
thetic trunk below the recording electrodes. Recording pairs of electrodes are on the 
preganglionic trunk immediately caudal to the superior cervical ganglion (R,) and on 
a post-ganglionic branch (R,). The interruption in the preganglionic trunk shows 
where it was cut low in the neck. Cross-hatching between the cervical sympathetic 
and the carotid artery indicates intact connective tissue sheath and blood vessels. 
A, effect of intracarotid injection of ACh 150 yg; action potentials appear in the post- 
ganglionic branch (R,) and also, with delay, in the preganglionic trunk (R,). 
Between A and B a second transection of the sympathetic trunk at x, just below 
R,. B, effect of ACh 3 mg: the discharge appears in the post-ganglionic (R,) but 
not in the preganglionic trunk (R,). 
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Ascending discharges. In all the experiments the cervical sympathetic 
trunk was transected low in the neck. With recording electrodes placed on 
the cervical sympathetic trunk caudal to the superior cervical ganglion, 
action potentials were usually observed on injecting ACh into the carotid 
artery, provided the sympathetic trunk below the recording electrodes 
was left undisturbed down to its point of transection. The discharge was 
generally of much smaller amplitude than that recorded at the same time 
from a post-ganglionic branch, and was frequently delayed in its onset 
(Fig. 1A). The dose of ACh required to elicit it varied from animal to 
animal and to a greater extent than did the dose required to evoke a 
post-ganglionic discharge. Sometimes it occurred with the same dose as 
required to evoke a post-ganglionic discharge, but one it occurred only 
with doses several times greater. 

In these experiments it seemed likely that the injected ACh had reached 
the sympathetic trunk below the recording electrodes as well as the region 
of the superior cervical ganglion, because most of the blood vessels to the 
trunk had been spared by the dissection. Two types of experiment showed 
that the activity observed did indeed arise caudally to the recording 
electrodes. 

In the first type of experiment, after ACh had been found to initiate a 
discharge in the cervical sympathetic below the superior cervical ganglion, 
the trunk was cut caudal to the recording electrodes (at x in Fig. 1) and 
ACh was again injected. It was found that the preganglionic effect could 
then no longer be evoked, although a discharge could still be observed in 
the post-ganglionic branch. This pattern persisted even when much higher 
doses of ACh were given (Fig. 1B). 

In the second type of experiment a somewhat longer length of the 
cervical sympathetic trunk below the ganglion was prepared and two pairs 


of electrodes were placed on it (Fig. 2, diagram). When ACh had been — 


injected and noted to set up activity which was recorded at both these 
electrodes (Fig. 2B), the nerve was cut between the two pairs of electrodes 
(at x) and ACh was again injected. A brisk discharge of action potentials 
now appeared (Fig. 2D) at the caudal pair of electrodes (R,), but not at 
the upper electrodes (R,) nearer the ganglion. 

_ In these experiments the activity recorded in the sympathetic trunk 


upon injecting ACh was clearly arising in the trunk itself and not in the — 


superior cervical ganglion. It could not, therefore, have been due to anti- 
dromie firing from presynaptic endings in the superior cervical ganglion. 
The most probable explanation of the effect is that it was due to ACh 
stimulating aberrant ganglion cells. A number of reports have described 
such cells either scattered along the length of the cervical sympathetic 
trunk below the superior cervical ganglion or grouped together as an 
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accessory ganglion, usually in the middle third of the trunk (see Discussion). 
In the present experiments we were able to confirm the occurrence of such 


aberrant ganglion cells by using the electrophysiological techniques 


~ described by Douglas & Ritchie (1956). 


In one experiment ACh was observed to initiate a well-marked discharge 
in the cervical sympathetic trunk below the superior cervical ganglion, 
even after the trunk had been separated from the adjacent tissues up to the 
superior cervical ganglion, and after the larger blood vessels descending 


200 nV 


200 nV 
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Fig. 2. Discharges set up by ACh in the cervical sympathetic trunk below the 
superior cervical ganglion, and effect of dividing the trunk between the two pairs 
of recording electrodes. In this and all subsequent figures the conventions used in 
the diagram are those adopted in Fig. 1. A, control records. B, 2 sec after injection 
of ACh 50 ug: similar discharges are recorded at both electrodes R, and R,. 
Between B and C a second transection of the cervical sympathetic trunk at x 
between the two pairs of electrodes. C, controls. D, responses 2 sec after another 
injection of ACh (5 mg): a discharge appears at R,, but not at R. 


in its sheath had been ligated. In this, a perfused preparation, ACh 
10 ug/ml, elicited a small response in the post-ganglionic trunk only. A 


higher concentration (250 yg/ml.) gave rise to a more pronounced dis- 


charge in the post-ganglionic trunk and a just detectable discharge in the 


. preganglionic trunk. With an extremely high dose of ACh (25 mg/ml.) this 


preganglionic discharge became quite obvious, although still feeble in 
comparison with the post-ganglionic discharges seen previously with ACh 
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in a concentration one hundred times smaller. This effect, illustrated in 
Fig. 3, is one of the two largest (the other being that of Fig. 4) which we 
ever observed in preparations in which the cervical sympathetic trunk had 
been freed, except for its connexions with the superior cervical ganglion, 
and where its principal blood vessels had been tied off. In such pre- 
parations, as we will describe later, ACh usually failed to excite impulses 
in the preganglionic trunk. In this experiment the effect could again be 
accounted for by ganglion cells. These were shown to be present by the 
following experiment. Electrical shocks were applied near the cut end 


0-5 sec 


Fig. 3. Discharges set up by 25 mg ACh in a cervical sympathetic trunk which was 
cut and freed up to the superior cervical ganglion. The discharge in the pregan- 
glionic trunk (R,), although one of the two largest observed in these experiments, — 
is of small amplitude compared with the post-ganglionic discharge (R,). 


of the freed preganglionic trunk and the compound action potential was 
led off at the recording electrodes nearer the superior cervical ganglion. It 
was found that weak stimuli of 0-01 msec duration evoked not only a B 
but also a C potential. The C potential began to appear at the recording 
electrodes with intensities of stimulation sufficient to activate only the 
more excitable of the B fibres and it grew pari passu with the B potential 
as stronger shocks were applied. Douglas & Ritchie (1956) have analysed 
this phenomenon and have shown it to indicate the presence of synapses, 
preganglionic fibres of type B impinging upon post-ganglionic C fibres. 
There was no doubt that ACh could have gained access to these ganglion 
cells, for despite the fact that the principal blood vessels in the cervical 
sheath had been tied off, droplets of fluid — at the cut end of the 
nerve during the course of the experiment. | 

Descending discharges. In experiments in which the possibility of ising 
the ganglion cells caudal to the recording electrodes was excluded by cutting 
away all the nerve below these electrodes, ACh usually failed to set up any 
activity in the stump of the trunk which was left connected with the 
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superior cervical ganglion (see p. 258). In a few experiments, however, it 
did cause a discharge. Since discharges in such preparations were seen only 
occasionally, it seemed unlikely that they were due to antidromic activity 
in preganglionic fibres, for then they would have been expected to occur 
in all these experiments in which the conditions were the same. A more 
probable explanation seemed to be that the activity was in ‘aberrant’ 
post-ganglionic fibres such as have been reported sometimes to run 
caudally in the cervical sympathetic trunk from cells in the superior 
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Fig. 4. Comparison of the effect of ACh on two fascicles of the preganglionic trunk 
in a perfused preparation. Recording electrodes R, and R, are placed on two fascicles 
of the sympathetic trunk freed up to the superior cervical ganglion. A, control. 
B, injection of 100 ug ACh: activity appears only in one fascicle (R,). C, compound 
action potential recorded at R, on stimulating at S (the former site of R,). 


cervical ganglion (see Discussion). In one experiment, in which the effect 


- was pronounced, and where the cervical sympathetic trunk split readily 


into fascicles, it proved possible to analyse it. In this experiment the 
‘preganglionic’ cervical sympathetic trunk was split into two fascicles and _ 
a pair of recording electrodes was placed on each (Fig. 4a). When acety]l- 
choline was injected, it set up activity in one only of these fascicles (Fig. 4B). 
The fascicle which was unresponsive to ACh was then stimulated electrically 
(see 6). This evoked a compound action potential in the other fascicle, i.e. 
that which had responded previously to ACh (Fig. 4C’). When, however, 
the stimulating and recording electrodes were interchanged, so that now 
stimuli were applied to the fascicle previously responsive to ACh, and 
records were taken from the other, a compound action potential could not 
be detected. Clearly, the fascicle which had responded to ACh contained 


descending post-ganglionic fibres that were activated by the ascending 
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a 


we 
Lad 
on, 
Te- 
be | 
he 
nd | 
A B Cc 
200 nV 
| Ry 
4 
It | 
B 
he 
ial 
ed 
8, 
| 
on 
sal 
he 
ng | 
ng 
y | 
he | 


258. W. W. DOUGLAS, D. W. LYWOOD AND R. W. STRAUB 


preganglionic fibres in the other fascicle. In this experiment, therefore, 
the discharges set up in the cervical sympathetic trunk below the superior 
cervical ganglion could readily be accounted for by post-ganglionic fibres 
running caudally in the trunk from the superior cervical ganglion. 

In one experiment we recorded from the cervical sympathetic trunk 
immediately above its point of section low in the neck. The sympathetic 
trunk above the recording electrodes was undisturbed and had its con- 
nective-tissue sheath intact up to the level of the superior cervical ganglion, 
but was transected just below that ganglion. When ACh was injected, a 
small discharge of impulses was recorded at the electrodes on the lower end 
of this cervical sympathetic trunk isolated from its principal ganglia. 
Clearly, these impulses could not be attributed to antidromic firing in pre- 
ganglionic fibres ending in the superior cervical ganglion. 


-— of acetylcholine to excite antidromic impulses 
in preganglionic fibres 

It was found that the response of preganglionic fibres to ACh could 
usually be tested after taking two precautions to avoid spurious results 
due to stimulation of aberrant ganglion cells. First, the recording elec- 
trodes were placed on the cervical sympathetic trunk no further than 5 mm 
below the superior cervical ganglion, and all the sympathetic trunk below 
the recording electrodes was cut away. Secondly, the access of injected 
ACh to the stump of ‘preganglionic’ trunk was minimized by tying off all 
the blood vessels entering it which could be seen under x 25 magnifica- 
tion. 

Experiments with thé circulation intact. In seven experiments on superior 
cervical ganglia with their natural blood supply, clear-cut discharges were 
recorded in the post-ganglionic nerves on injection of 25-50 ug of ACh, 
_ provided all the major branches of the common carotid artery were tied. 
When the internal carotid artery was not tied, somewhat higher doses 
(up to 150 ug) were required. None of these injections elicited any dis- 
_ charge in the cervical sympathetic trunk below the ganglion. Nor was 
activity detected in the preganglionic trunk with doses of ACh 10, 20, or 
100 times greater (Fig. 5.A-C). 

Hzperiments on perfused superior cervical ganglia. In two perfused pre- 
parations ACh 1-10 pg/ml. elicited a discharge in the post-ganglionic 
branch. In the first the effect could be obtained repeatedly with 10 pg/ml. 
_ but neither this concentration nor one a thousand times greater initiated 
any detectable discharge in the preganglionic trunk. In the second (Fig. 
5D, #), post-ganglionic discharges were obtained with ACh 1 pg/m!. 
However, neither this dose nor doses of ACh ten or ten thousand times 
greater caused any discharge in the preganglionic trunk. 
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In the experiments on perfused ganglia we tested the effect of ACh after 
inhibiting cholinesterase with eserine sulphate (10-5 g/ ml.) perfused through 
the ganglion for about 10 min before the ACh was injected. It was found 
that, although ACh could then initiate discharges in the post-ganglionic 
nerves in concentrations ten times smaller than those effective before 


| eserine, there were again no discharges in the preganglionic trunk in either 


500 msec 


E 


200 msec 
Fig. 5. Two preparations showing failure of ACh to initiate activity in the pre- 
ganglionic fibres of the cervical sympathetic trunk. One recording electrode, R,, 
is on the preganglionic trunk close to the superior cervical ganglion ; the other, R,, 
on @ post-ganglionic branch. A, B, C, from a preparation with normal blood supply. 
A, control. B, 25 ug ACh; threshold response in the post-ganglionic branch only. 
0, a much higher dose of ACh (2-5 mg) initiates a discharge, again confined to the 
post-ganglionic branch. Note that the preganglionic recording was made at about 
5x higher gain. D and Z, from a perfused preparation. EZ shows effect of an enor- 
mous dose of ACh (10 mg/ml.) involving only the post-ganglionic branch (com- 
pare with the control D). In this preparation the threshold dose for post-ganglionic 
discharge was 1 pg/ml. 
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of the two experiments. Even when enormous doses of ACh were given 
there was still no obvious preganglionic effect in one preparation and only 
a very small and delayed discharge in the. other. 


DISCUSSION 


Anatomy of the cervical sympathetic trunk. It is known that ganglion cells 
occur along the length of the cervical sympathetic trunk between the 
stellate and the superior cervical ganglia. Thousands of such aberrant 
ganglion cells may be present, both diffusely scattered or gathered into 
aggregations which sometimes form ganglia visible to the naked eye, as in 
the accessory cervical ganglion, which is of common occurrence (Langley, 
1893; Douglas & Ritchie, 1956). The post-ganglionic fibres arising from 
these various cells occasionally leave the trunk as visible grey rami, but 
more often they run in the trunk cranially or caudally, intermingled with 
the preganglionic fibres supplying the superior cervical ganglion. In 
addition to these fibres, there may be others which descend caudally from 
ganglion cells lodged in the superior cervical ganglion. While all these 
arrangements, which have been schematized in Fig. 6, may not occur in 
every animal, they are common and some are to be expected in both cats 
and rabbits. Clearly, the ‘preganglionic’ cervical sympathetic nerve may 
contain ascending or descending post-ganglionic fibres. | 

Discharges initiated by acetylcholine in the cervical sympathetic trunk. The 
discharges evoked by ACh in the cervical sympathetic trunk in our experi- 
ments seem explicable on the above anatomical grounds. Most of the dis- 
charges were found to be ascending towards the superior cervical ganglion 
and appeared to be due to ACh exciting aberrant ganglion cells scattered 
in the trunk (H, Fig. 6) or in the accessory cervical ganglion (Fig. 6C, H 
and F'). The discharges we occasionally observed when recording from a 
short length of the cervical sympathetic trunk immediately caudal to the 
superior cervical ganglion seemed attributable to the presence of caudally 
projected post-ganglionic fibres (Fig. 6G). Certainly this was demon- 
strated. in one instance where a favourable anatomical arrangement per- 
mitted analysis (Fig. 4). 

The question arises whether similar stimulation of aberrant ganglion 
cells accounts for the effect of ACh which was observed by Riker & 
Szreniawski (1959) in the cat’s cervical sympathetic trunk and which they 
believed to be antidromic impulses in preganglionic fibres. It is probable 
that in Riker & Szreniawski’s experiments the ACh injected into the 
carotid artery gained access to the cervical sympathetic trunk over most 
of its length, for they freed it from its investing tissue only over the lower 
7-8 mm in the neck. Since histological evidence shows that this trunk 
in the cat also contains numerous caudally projected axons (Fig. 6D, H), 
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it would seem that caudally running impulses in post-ganglionic fibres are 
to be expected after ACh injection in such experiments. 
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Fig. 6. Diagrams showing arrangements of pre- and post-ganglionic fibres in the 
cervical sympathetic trunk. A, the conventional arrangement. B-—H, alternative 
arrangements known to occur. Preganglionic fibres are indicated by the solid lines; 
post-ganglionic fibres by the interrupted lines. The numbers below each diagram 
refer to the original papers and the animals studied: 1, Langley (1893), cat. 
2, Foley (1945), cat. 3, Butson (1950), cat; rabbit. 4, Douglas & Ritchie (1956), 
rabbit. 5, this paper, rabbit. 


Riker & Szreniawski do not discuss the evidence for such cells, but they do consider the. 
possibility that their results might have been due to some hypothetical post-ganglionic 
fibres, These are represented (their Fig. 2b) as originating in ganglion cells that also send 
axons into the internal and external carotid nerves. Since they observed that discharges 
might occur in these post-ganglionic branches of the cervical sympathetic ganglion without 
& simultaneous discharge in the cervical sympathetic trunk, they rejected the possibility that 
cells with caudally projected axons are responsible for the discharges they observed in the 
preganglionic trunk. There is no evidence that the same ganglion cells which send axons 
caudally also send axons cranially ; if we make the simpler assumption that they do not, it is 
easy to account for the quantitative differences which Riker & Szreniawski observed, for 
these may merely reflect the different numbers and situations of the ganglion cells and their 
accessibility to injections. Such quantitative differences may also explain the observation 
of Brown & MacIntosh (1938) that intracarotid injection of ACh in the cat ‘sets up a dis- 
charge only in the post-ganglionic sympathetic trunk’. We usually required higher doses of 
ACh to excite the ganglion cells in the cervical sympathetic trunk, where the circulation i is 
sluggish, than those in the superior cervical ganglion, where it is brisk. 
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The insensitivity of preganglionic endings to acetylcholine. While the 
presence of abundant ganglion cells in the complex arrangements shown in 
Fig. 6 makes it difficult to test how the preganglionic terminals in the 
superior cervical ganglion react to ACh, it appears that in the rabbit the 
test can be made by taking some simple precautions. When these were 
taken, it was clear that ACh did not elicit any detectable discharge in the 
cervical sympathetic trunk below the superior cervical ganglion, even when 
given in amounts from ten to ten thousand times greater than those eliciting 
discharges in its post-ganglionic branches. It seems that these preganglionic 
endings in the rabbit are highly resistant to the excitant action of ACh. 
The same appears true of the preganglionic fibres to the stellate ganglion 
of the cat. After ACh, Brink, Bronk & Larrabee (1946) observed dis- 
charges in its post-ganglionic branches with 25 yg/ml., but no discharges 
in its preganglionic branches even with 500 yg/ml. It appears to us that 
the only conclusion justified by their results and ours is that ACh fails to 
initiate impulses in preganglionic fibres even when given in amounts grossly 
in excess of those exciting ganglion cells. 


In discussing the earlier experiments in which no preganglionic activity was apparent in 
response to ACh, Riker & Szreniawski have argued that conceivably the recording techniques 
used may have been inadequate, and unable to deal with ‘the relative asynchrony in the 
acetylcholine-induced discharge’ in the preganglionic trunk. This argument is unconvincing, 
for discharges ¥ were readily detected in the preganglionic nerves in the earlier experiments 
in response to potassium excess or calcium deprivation, and there is no reason to believe that 
such discharges were any more synchronous. It appears that the only reason Riker & 
Szreniawski have for assuming that the preganglionic discharge to ACh is ‘relatively 
asynchronous’ is that it was always of smaller amplitude than the discharge in the post- 
ganglionic branches.’ While this assumption allows them to reconcile the smallness of the 
preganglionic discharge with their generalization that the characteristic effect of ACh at the 
ganglionic synapse is to induce repetitive activity in the presynaptic as well as the post- 
synaptic nerves, there is no evidence for it. The smallness of the signals seems to accord better 
with the different explanation we have offered, i.e. that the discharge in the preganglionic 
trunk results from activity in only a fraction of the fibres and that those are post-ganglionic 
fibres of the thin non-myelinated type. 


The finding that ACh over an enormous dose range is unable to initiate 
impulses from preganglionic endings would seem to set these endings apart 
from the other efferent cholinergic endings to skeletal muscles and sweat 
glands, which do appear to be excited by ACh. The difference may be one 
of degree only, for ACh does not seem regularly to excite antidromic 
impulses in these motor fibres. Although Masland & Wigton (1940) 
reported ‘showers’ of impulses in ventral root fibres when ACh was in- 
jected into the muscles, Diamond (1959) has recorded only feeble effects 
involving a few fibres; and while Coon & Rothman (1941) observed axon 
reflex sweating to ACh, this was less obvious in experiments by Collins, 
Sargent & Weiner (1959). The inexcitability of the preganglionic endings 
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to ACh might possibly be due to their exceptionally rich investment of 


_ cholinesterase; McIsaac & Koelle (1959) postulate such a protective role 


for this cholinesterase. Our experiments with eserine, however, suggest 
that cholinesterase is not a major factor in preventing antidromic impulses. 
A further possibility is that the behaviour of preganglionic endings reflects 
their anatomical arrangement in relation to the post-synaptic structures 
rather than the properties of the endings themselves. It has been argued 
that antidromic impulses occurring in motor nerves to skeletal muscle 
after the application of eserine are secondary to muscular activity ; that it is, 
in fact, the electrical currents generated in the muscle which trigger off the 
impulses from the motor nerve endings (Eccles et al. 1942; Lloyd, 1942). 
The antidromic impulses seen after ACh might well have a similar ex- 
planation and be secondary to effector organ activity. In a study on 
regenerating nerve endings remote from the organs they normally inner- 
vate, Diamond (1959) found that, although sensory endings were readily 


excited by ACh, motor nerve endings were not. It seems an open question 


whether ACh can indeed excite any antidromic impulses in cholinergic 
nerves without the intervention of currents developed in post-synaptic 
structures. The anatomical relation between preganglionic endings and 
ganglion cells may not be favourable for such stimulation. 


SUMMARY 


1. In view of reports that acetylcholine sets up antidromic activity from 
a variety of efferent nerve endings, experiments have been performed on 
rabbits to test the sensitivity of preganglionic endings to acetylcholine. 

2. When acetylcholine was injected into the common carotid artery, 
impulses appeared in the nerves above and below the superior cervical 
ganglion, i.e. both in its post- and preganglionic branches. 

3. Electrophysiological analysis of the preganglionic trunk corroborated 
and extended previous evidence of its anatomical complexity and showed 
it to contain ganglion cells and post-ganglionic fibres. 

4. The discharges set up by acetylcholine in the ‘preganglionic’ trunk 
all seemed explicable on the grounds that they were post-ganglionic dis- 
charges in aberrant fibres of this kind. | 

5. In experiments in which precautions were taken to avoid discharges 
in such aberrant post-ganglionic fibres, no activity could be detected in 
preganglionic fibres either in normally circulated or in perfused ganglia 
with doses of acetylcholine ten to ten thousand times greater than those 


exciting ganglion cells. 


6. It is concluded that few, if any, sympathetic preganglionic fibres are 
excited to discharge antidromic impulses when their endings are exposed 


EN 

a 

BK 

ia 

= 
8 

te 

i 
4 
aa 
| 

Cc 
q 
Cc is 
4 
e 

a 
t 

4 

) 

nh » 


264 W. W. DOUGLAS, D. W. LYWOOD AND &. W. STRAUB 


to injected acetylcholine. This behaviour is compared with that of sensory 
endings and other efferent endings. 
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THE TRANSMISSION OF HOMOLOGOUS SERUM PROTEINS 
TO THE FOETUS AND TO THE AMNIOTIC FLUID 
IN THE RHESUS MONKEY 
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Electrophoretic studies of sera of foetuses show different absolute and 
relative concentrations of serum proteins compared with the maternal sera 
(Josephson & Gyllenswiird, 1957). Certain proteins have been described 
which occur in foetuses but not in adult animals (Pedersen, 1947; Schein- 
berg, Cock & Murphy, 1954; Deutsch, 1954; Dancis, Braverman & Lind, 
1957; Bergstrand & Czar, 1957, 1958; Myant & Osorio, 1958), and certain 
constituents of adult serum do not occur in the foetus (Ewerbeck & Levens, 


- 1950). The pattern of proteins changes with development of the foetus and 


the neonate. With the exception of antibodies, little is known of how much 
and which of the definitive serum proteins of the foetus are derived from 
the mother in primates. The transfer of antibodies from mother to young 
before and after birth has been studied in many laboratory animals and in 
man. Brambell (1958) has recently extensively reviewed this field. Nearly 
all the evidence for their transfer to the foetus in mammals (other than 
ungulates) is based on immunological studies comparing the titre of 
specific antibodies.in maternal blood with their titre in foetal or cord 
blood. 

The transmission of other serum proteins has received little attention. 
Heterologous albumin has been shown immunologically to reach the 
foetus in the rabbit (Schechtman & Abraham, 1958). Whipple, Hill, 
Terry, Lucas & Yuile (1955) studied the transfer of }*‘I-labelled serum 
proteins in rabbits and dogs when some labelled protein (unspecified) was 
found in the foetuses of the rabbit but not in those of the dog. Dancis & 
Shafran (1958) have shown that !!I-labelled serum albumin, y-globulin 
and £-globulin were transferred to the guinea-pig foetus. No detailed 
study of the comparative transmission of other homologous serum proteins 
to the foetus or to the liquor amnii in other animals has been reported. 

The concept of the selective transmission to the foetus of particular 
types of antibody is now well recognized. Evidence is accumulating that 
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certain incomplete antibodies and antibodies with low sedimentation 
constants (78) are selectively transmitted to the foetus, whereas complete 
blood-group antibodies and those with high sedimentation constants (195) 
are not. Some heterologous antibodies cannot be demonstrated in the 
human new-born baby, despite the presence of a high titre in the mother. 
The selective transfer of types of homologous and heterologous antibodies 
has been studied quantitatively by immunological methods in pregnant 
rabbits, guinea-pigs and rats, and in suckling rats. It has been shown that 
there is a graded rejection of antibodies prepared in various species to the 
same antigen (Batty, Brambell, Hemmings & Oakley, 1954) and that these 
heterologous proteins may interfere with the transmission of others which 
normally are absorbed (Brambell, Halliday & Morris, 1958). 
- The anatomical membrane concerned with selective transmission in 
orders other than primates has been considered to be the entoderm of the 
gut or the yolk sac. On the basis of the evidence of all these comparative 
studies it has been postulated that transmission in man and other primates 
was by way of the amniotic fluid and the foetal gut (Brambell, Brierly, 
Halliday & Hemmings, 1954). The anatomy of the placental systems and 
foetal membranes, however, varies widely among different orders of animals. 
The human being possesses a specialized haemochorial placental system 
quite unlike that of other orders, and the yolk sac in mid and late preg- 
nancy is entirely vestigial (Whipple e¢ al. 1955). A comparable system is 
found only among the catarrhine (Old-World) monkeys and anthropoid 
primates (apes). The placenta (catarrhine) of the rhesus monkey comes to 
resemble the human placenta very closely in the later stages of pregnancy 
(Amoroso, 1952). | 

The experiments described here, with 11I-labelled proteins injected into 
pregnant rhesus monkeys, provide evidence that there is a selective 
transfer of certain maternal serum proteins to the foetus and of others to 
the surrounding liquor amnii, and that the latter plays an unimportant 
part in their transmission to the foetus. A preliminary communication 
(Bangham, Hobbs & Terry, 1958) described this work. 


METHODS 


Animals. Six pregnant rhesus monkeys (Macaca mulatia) (B, C, D, F, G, J) weighing 
6-8 kg were used. They were estimated to be within about 4-6 weeks of the end of their 
gestation periods except for monkey @, which was thought to be close to term (6 months). 
Since the exact length of gestation was not known Table 1 shows the weights of the mother 
and foetus and measurements of the latter at operation. No simple correlation between 
weight of the foetus and the estimated period of gestation was found. They had all been 
maintained in good condition for at least 4 months before the experiment. For 1-2 days 
immediately before and for the duration of the experiment they were given water containing 
carrier iodide (0-02 % Nal) to drink ad libitum. 
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Preparation of ™'I-labelled serum proteins, Immediately before the monkeys were given 
their carrier-iodide drinking water a sample of blood was taken and the serum removed. 
Within 24 hr and after previous oxidation with free iodide at pH 4, 0-3 ml. of this serum 
was iodinated with carrier-free "I at not more than 1 atom per molecule (assuming an 
average molecular weight of 60,000 for all the serum proteins), according to the method of 
McFarlane (1958). In order to avoid risks of radiation damage the labelled serum was then 
diluted with 1-0 ml. of the original serum and the volume brought to 5 ml. with sterile 
physiological saline (SPS). The labelled serum was injected as the dose within 24 hr of 
iodination. The specific activity of the undiluted labelled serum was 1-6~2-0 me in about 
20 mg protein and after passage through Deacidite FF (The Permutit Co., London) it 
contained about 2-3% of radioactivity which was not precipitated with trichloroacetic 
acid (TCA). 


TaBLE 1. Weights and measurements of the foetuses at operation. Although the exact 
period of gestation was unknown there was no simple correlation of these measurements 
with the estimated duration of pregnancy. Rhesus monkeys, except H (green). Monkey @ 
was considered to be very close to term 


Length (em) 

Weight (kg) Ischial 

A  Heel-_ tuberosity- 

Monkey Mother Foetus cranium cranium 
7-63 0-330 31 19 
E 5:2 0-400 35 21 

F 6-4 0-325 27 17-5 
G 6-21 0-440 28 20 
J 5:8 0-480 — — 


Preparation of *Or-labelled red cells (monkeys B, C, D, G). At the same time as blood for 
serum was taken, another 5 ml. of blood was taken and delivered into acid citrate dextrose 
(ACD) and stored in the cold during the night. The red cells were then well washed five 
times in SPS and finally suspended in ACD. The red cells were labelled by adding 0-8—1-0 mc 
of carrier-free *4Cr (The Radiochemical Centre, Amersham) and allowed to stand at room 
temperature for 1 hr. They were then washed thoroughly with saline and kept in ACD at 
+4° C until they were used next day. The final activity was 30,000-40,000 counts/min/mg 
haemoglobin, measured at 413 my in a spectrophotometer. 

Samples of body fluids. All samples of blood and liquor were taken into sterile paraffined 
syringes. Samples of urine for chromatography were taken from both mother and foetus at 
operation by direct needle puncture of the bladder. 

Column electrophoresis of serum proteins. Serum or liquor samples measuring 0-5-1-0 ml. 
were subjected to electrophoresis in borate buffer » = 0-5, pH 8-5 on columns (30 x 1-25 em) 
of treated cellulose (J. H. Munktell, Sweden). The columns were developed for 8-5 hr at 
600 V and the proteins then eluted in about forty 2-0 ml. fractions. Each fraction was 
measured for protein content and radioactivity. 

Chromatographic isolation of g globulin on diethylaminoethyl (DEAE) cellulose columns. 
Unhaemolysed samples of 1-0—3-0 ml. of serum or liquor were dialysed extensively against 
0-01 and 0-02m phosphate buffer pH 6-2 and chromatographed on columns of 1 g of DEAE 
cellulose. The gamma-globulins were eluted with 0-01m buffer in 2-0 ml. fractions. Each 
fraction was then measured for protein content and radioactivity. ue 

Electrophoresis .of foetal gut contents. The foetus from monkey E was dissected within 
60 min of delivery and the contents of the stomach, jejunum and ileum aspirated with 


" syringes. The fluid from each of the latter two was mixed thoroughly with 1 ml. of carrier 


normal serum, centrifuged and filtered. The filtrate was then subjected to column electro- 
phoresis as described above. 
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Precipitation with 10% trichloroacetic acid (TCA). Small portions (0-1 ml.) of samples 
were mixed with carrier iodide ; samples with low protein concentration were also mixed with 
carrier serum, and then added to 10 ml. of 10% aqueous TCA. After thorough mixing the 
precipitate was centrifuged and a sample of the clear supernatant fluid was counted. 

Measurement of protein content. Samples from chromatographic or electrophoresis columns 
were measured for optical density at 280 mp in a Unicam (Cambridge Instruments) or a | 
Uvispek (Hilger & Watts) spectrophotometer. Protein estimations on whole serum were 
made with biuret reagent. 

Measurement of radioactivity. 1**I and *‘Cr radioactivity was measured in 2-0 or 3-0 ml. 
samples in a well-type scintillation counter. The efficiency for **I was 16% and the back- 
ground 130 counts/min. Foetal red cells in 6 ml. of blood were washed in 6 x 30 ml. sterile 
normal saline containing about 1% Nal and counted as 3 ml. of packed cells. 

Paper chromatography. Maternal and foetal serum and urine and liquor were loaded 
without pre-treatment on strips of chromatography paper | in. (2:5cm) wide (Whatman 
No. 3mm) and developed by ascending chromatography in n-butanol—acetic-acid—water 
(5-3-1), and in n-butanol—dioxa onia. After 18hr the strips were dried and 
placed on X-ray film for 2 weeks. From the developed radioautograph it was possible to 
identify the radioactive compounds by comparison with known marker spots. 


Transplacental experiments 

Monkeys B, C, D, G, J. The labelled serum prepared for the dose was added to the labelled 
red cells (monkeys B, C, D, G@) and the solution made up to 10 ml. immediately before 
injecting it into the short saphenous vein. Five minutes later a sample of blood was taken 
from the opposite saphenous vein. From monkeys G and H a sample of blood and a sample 
of liquor uncontaminated by blood was withdrawn percutaneously through a No. 19 needle 
21 hr after the dose. At operation 8-9 hr after the dose (monkeys B, C and D) and 24 hr 
after the dose (monkeys G and J), atropine was given intravenously and anaesthesia induced 
with thiopentone, and maintained in closed circuit with cyclopropane; monkeys G and J 
were maintained under anaesthesia with open ether. A mid-line incision was made through 
the lower segment of the uterus and the foetal membranes exposed and wiped clean and dry. 
From 60 to 100 ml. of liquor was aspirated through a clear avascular part of the membranes. 
The amniotic cavity was then entered and the foetus delivered, The umbilical cord was 
gently milked towards the foetus, the cord ligated and the foetus removed. The foetus was 
then weighed, washed in warm running water and exsanguinated by heart puncture. A 
sample of blood was taken from the uterine vein just before or just after delivery of the 
foetus. The uterus was then closed and the abdominal wall sutured. 

Experiments on absorption of serum proteins from liquor amnii. 11I-labelled maternal 
serum proteins prepared in the same way were injected percutaneously into the amniotic 
cavity of the conscious animal with a No. 23 gauge needle, after mixing with 3 ml. of liquor 
removed beforehand through the same needle. Samples of the liquor were taken at operation 
8 hr later (Z) and at 3 and 6hr by aspiration percutaneously, and at operation 24 hr 
later (F’). Caesarian section was performed as described ; samples of liquor uncontaminated 
with blood, and of maternal and foetal blood and urine were taken at operation. 


RESULTS 
Transplacental experiments 
Transmission of *\Cr-labelled red cells 
In no case was any significant amount of radioactivity measured in the 


foetal red cells. It was calculated that at least one part of labelled maternal 
red cells in three million would have been detected in the foetal red cells 
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counted under the conditions of the experiment. This result was taken to 
mean that at least no gross placental trauma had occurred and that there . , 
was no gross leakage of maternal blood to the foetal circulation. ae 4 


Transmission of 1*1I-labelled serum proteins 

Qualitative analysis. A general qualitative picture of the patterns of 
protein and radioactivity in samples can be gained by inspection of the 
elution diagrams in Fig. 1. The diagram in Fig. 1a shows the correlation of 
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Fig. 1. Elution from electrophoresis on column of treated cellulose; in borate 
buffer pH 8-6, 0-1m. protein measurement at 280myp; ..... counts/min 
above background (larger dots, as smaller but x4 scale). Rhesus D and G: 
approximately 1-5 mc of !*!J-labelled maternal serum proteins injected I.v. into 
mother. 


Index mark 
(counts/min) 
a, Maternal serum G, 1 ml. dose (diluted) 2,000 
b, Maternal serum G, 24 hr, 1 ml. 200,000 . 
c, Foetal serum D, 8 hr, | ml. 400 
d, Foetal serum G, 24 hr, 1 ml. 400 
e, Liquor conc. D, 8 hr, 1 ml. 2,000 


f, Liquor cone. G, 24 hr, 1 ml. 2,000 
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radioactivity with the concentration of the serum proteins, separated by 
electrophoresis, in the dose. Figure 1b shows the change in pattern of 
labelled proteins 24 hr after injection intravenously into the maternal 
circulation. Although there are many changes in detail the over-all 
pattern is much the same as that of the dose. The foetal serum taken at 
8 hr (Fig. 1c), on the other hand, shows two main peaks of radioactivity, 
in the albumin and y-globulin regions. At 24 hr (Fig. 1d) radioactivity in 
the y-globulin is increased, both absolutely and in relation to that in the 
albumin. Although there is radioactivity in the intervening «- and 
B-globulin region, particularly at 24hr after the dose, the amount is 
relatively small. 

The liquor amnii (Fig. 1e and f) was found to contain a large amount of 
radioactivity in the albumin region at both 8 and 24hr, although the 
concentration of albumin is small. The over-all pattern of radioactivity is 
discernibly different from that of the dose of maternal serum at 24 hr, in 
that relatively small amounts are present in the globulin region. Further- 
more, there was no difference between those monkeys which were 5 months | 
pregnant (e.g. Fig. le) and monkey G@ (Fig. 1f) which was close to term, 
although the protein pattern had undergone a marked change due to the 
disappearance of a particular protein of the liquor described below. There 
was no peak of radioactivity corresponding to this protein. 

In order to confirm that the radioactivity in the y-globulin region 
behaved chromatographically like y-globulin, dose, maternal and foetal 
sera and liquor were fractionated on DEAE cellulose columns. Figure 2 
illustrates the elution of the various constituents of ‘y-globulin’ deter- 
mined in maternal and foetal sera at 24 hr in monkeys G and J. It can be 
seen that two major y-globulin constituents in both monkeys contained 
radioactivity in both maternal and foetal serum. The second protein peak 
(in a displacement volume of 20-26 ml.) occurred in both maternal and 
foetal serum of monkey G (Fig. 2a and c) but in scarcely discernible 
quantity in the serum of monkey J (Fig. 2b and d). The liquor of monkey J 
was shown to contain a small amount of radioactivity and protein cor- 
responding with the first protein but none with the second (Fig. 2e). 

Further confirmation that electrophoretic y, and y, globulin were trans- 
mitted to the foetus was obtained by extending the period of time of 
electrophoresis before elution on a column on which 3 ml. of foetal serum 
had been loaded. Figure 3 shows radioactivity occurring under the two 
peaks of y-globulin. 

Quantitative analysis. Although the general picture may be appreciated 
simply by studying the figures, it is more difficult to analyse the results 
quantitatively. Only approximate estimations have been attempted. The 
total protein and radioactivity in the albumin peaks have been summed 
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respectively. The shapes of the peaks were fairly well defined. Where 
radioactivity oecurred in the «-globulin region, the collecting tube on the 
back slope of the albumin peak showing the lowest count, or lowest 
protein concentration, has been included but no attempt has been made to 
extrapolate the albumin protein curve or the radioactivity curve down to 
zero: The estimation of ‘total globulin’ protein and radioactivity has been 
made by adding the values for the remaining tubes. Specific activities for 
albumin have been calculated by dividing the highest count contained in 
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Eluate (ml.) 
Fig. 2. DEAE cellulose column, eluted with phosphate buffer, pH 6-2, 0-02m. 
—— protein measurements at 280 my; ..... counts/min above background 


(larger dots, as smaller but x 10 scale). Rhesus G and J; approximately 1-5 me of 
**'I-labelled maternal serum proteins injected 1.v. into mother. 


Index mark 
(counts/min) 
a, Maternal serum G, 24 hr, 1 ml. 50,000 
b, Maternal serum J, 24 hr, 1 ml. 500,000 
c, Foetal serum G, 24 hr, 1 ml. 400 
d, Foetal serum J, 24 hr, 1 ml. 10,000 


é, Liquor G, 24 hr, 1 ml. 400 
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a tube by the highest figure for optical density (protein content); this 
‘peak specific activity’ represents that of the purest fraction of the protein 
obtained. Secondly, the ‘total specific activity’ has been calculated by 
dividing the total counts by the total optical density. For globulins the 
‘peak’ figure relates to y-globulins and it has been taken from either the 
clearest y-globulin peak on electrophoresis eluates or from that of the first 
protein peak fraction from the chromatographic column eluate. The figures 
for ‘total specific activity of the globulins’ represent total globulin counts 
divided by total globulin protein. This procedure gives only a rough 
measure of the transmission of ‘globulins’ for comparison with the well- 
defined peak of albumin or the total of the globulins of the original serum. 


Foetal serum 8 hr | ore 
a, 


03 r. 


Albumin 
0-2 


280 my 


Counts/min 


0-1 


mi. 


Fig. 3. Column electrophoresis as described in text. ——— protein measurement at 
280 my; ..... counts/min above background. Rhesus monkey C, approximately 

1-6 mc of *I-labelled maternal serum proteins injected 1.v. into mother. The 

figure shows peaks of radioactivity in the position of the y, and y, globulin. 


Moreover, a much larger percentage of the globulin counts was contributed 
by y-globulin in the foetal serum than in the maternal serum. A valid 
comparison of the amount of y-globulin transmitted would be to compare 
the foetal concentration of y-globulin with y-globulin isolated from the 
original whole maternal serum sample. It is difficult to measure y-globulin 
in whole serum in a strictly quantitative way. Complete recovery was not 
obtained from DEAE columns nor adequate separation on column electro- 
phoresis; and, furthermore, it is conceivable that the radioactivity in the 
B- and «-regions of foetal serum may actually represent ‘antibody’ proteins — 
which move electrophoretically in this region. Table 4 shows that even 
with these limitations clear differences in albumin: globulin count ratios 
occur in foetal serum and liquor compared with maternal serum. 
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Table 2 shows the counts per millilitre of individual samples and the 
approximate ratios of total albumin counts in maternal and foctal serum 
and amniotic fluid. The concentration in maternal serum at 24 hr after the 
dose is nearly half that in the sample taken at 5 min. At 21 hr (the first 
samples taken from monkeys @ and J) the concentration in the liquor is 
1/100-1/160 that in maternal serum at the same time. At 8 hr the foetal 
serum contained 1/545, and at 24 hr 1/200 that in the maternal serum taken 
at that time. The liquor thus contained about twice as much radioactive 


TaBLE 2. The concentrations of labelled albumin in maternal and foetal serum and in liquor 
at various times after labelled serum proteins had been given intravenously to the mother, 
and the ratios of these concentrations in these fluids 
Counts/ml. of albumin. Dose 1.v. to mother. 
Sample and time (hr) 
after 


Monkey D Monkey @ Monkey J 
MS 5 min 1,044,000 — 1,424,000 
8 873,000 
21 356,000 1,090,000 
24 805,000 
21 “= 2,120 10,800 
24 3,580 17,900 
FS 8 1,610 1,668 4,000 
Ratios of counte/ml. of #*4I albumin. Dose 1.v. to mother 
Sample and time (hr) Approximate 
after dose Monkey D Monkey G Monkey J ratios at 24 hr 
MS1:MSop 8 119 — — — 
21 — — 1-3 1-2 
MSop:L 8 140 — 
21 100 100-160 
24 — 100 (44:6) 
MSop:FS 8 545 — 
21 — (200) (273) 200 
24 214 200° 


MS, maternal serum; MS1, maternal serum taken 5 min after the dose was given; 
MSop, maternal serum taken at operation (in monkey D at 8 hr, monkeys G and J at 24 hr); 
FS, foetal serum taken at operation; L, liquor. 


albumin per millilitre as the foetal serum. As will be discussed later, it is 
possible that about half of the albumin in the foetus may have diffused 
out of the circulating blood volume and it appears therefore that albumin 
reached the foetus with probably only slightly less facility than it entered 
the liquor by 21 hr. Assuming the total volume of the liquor to be 100 ml. 
and the circulating plasma volume of the foetus to be 15 ml., the total 
amount of radioactive albumin in the liquor was some 5—10 times the total 
amount in the foetus. A rough calculation showed that about half a gram 


_ of albumin entered the liquor in 24 hr but no allowance was made for the 
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possible rate of catabolism and/or loss of albumin from the liquor in 
calculating this estimate. 

The interpretation of the figures for the specific activities in Table 3 may 
be misleading, since they depend upon individual protein pool sizes as well 
as upon rates of diffusion. The table does, however, serve to show the high 
specific activity of albumin in the liquor as early as 8 hr and that by 21 hr 
it was only some 5-10 times lower than that in the maternal serum. Yet at 
the same time the concentration of albumin (in counts per millilitre) was 
nearly the same in the foetal serum as in the liquor. 


TaBLE 4. Ratio of maximum specific activities of albumin to y-globulin, m 
maternal serum, foetal serum and liquor 


Specific activity of albumin Monkey D Monkey @ Monkey J G+J 


Specific activity of y-globulin (8 hr) (24 hr) ‘24 hr). 2 
Foetal serum 0-6 0-31 0-38 
Liquor 3 24-2 ll ll 
Maternal serum 8-1 6 4-3 5-2 


The ‘specific activity’ was obtained by dividing the highest counts/ml. of the albumin 
elution fraction (separated by electrophoresis) and the y-globulin (isolated by chromato- 
graphy), by its optical density at 280 my. For details, see text. 


TaBLe 5, General summary of findings at 24 hr 


Maternal Foetal 
serum Liquor serum 
.. counts/ml. as albumin © 
Counts/ml. as albumin 100 
Counts/ml. as globulins 40 0-2 
Specific activity of albumin 100 15 0-3 
Specific activity of y-globulin 20 15 1 


181]-labelled maternal serum given 1.v. to pregnant Rhesus monkeys B, C, @ and J. 


Figures of 100 % have been given to the counts/ml. as albumin and to the specific activity -— 


of albumin. The counts in the globulins in the foetal serum are largely due to y-globulin, 
whereas in the liquor they are due to other globulins as well. 


Table 4 compares the ratio of the maximum specific activities of albumin 
and y-globulin in maternal and foetal serum and liquor while Table 5 
summarizes the general quantitative findings numerically in monkeys B, 
C, G, J at 24 hr after intravenous injection to the mother. 

Experiments on absorption of serum proteins from liquor amnit 

Qualitative. Figure 4a shows the general pattern of distribution of radio- 
activity of the dose !*1I-labelled serum which was injected into the amniotic 
cavity of monkey F. The liquor taken at operation 24 hr later is shown in 
Fig. 4b; no significant change in the pattern of radioactivity has taken 
place, and its relation to the proteins of the liquor is clear. Maternal serum 


(Fig. 4c) taken at this time showed a small amount of radioactivity in the 
18-2 
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albumin, but insignificant quantities among the globulins. The foetal serum 
(Fig. 4d) after treatment with Deacidite shows three apparent radioactive 
peaks, all of which are small. The results of the analysis of these samples by 
chromatography are seen in Fig. 5. This particular serum contained an 
unusually large quantity of the second main protein component to be 
eluted from the column under these conditions (Fig. 5a) which appeared to 
possess a much higher specific activity than the first component. Samples 


0 2 4 6 8 20 60 


Eluate (ml.) 
Fig. 4. Cellulose column electrophoresis as in Fig. 1. ——— protein measurements 
at 280 my;..... counts/min above background. Rhesus F’, approximately 1-5 mc 


of 4*!I-labelled maternal serum proteins injected directly into the amniotic cavity. 
The total amount of radioactivity injected into the liquor was the same as was 
injected 1.v. into monkeys C, D, G, J. The specific activities of the albumin and 
y globulin were 100 and 500 times greater, respectively, in F, than the specific 
activities of these proteins found in the liquor in monkeys C, D, G, J. 


Index mark 

(counts/min) 
a, Maternal serurm, | ml. 50,000 
b, Liquor, 24 hr, 1 ml. 500,900 
c, Maternal serum, 24 hr, 1 ml. 200 


d, Foetal serum, 24 hr, 1 ml. 200 
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of liquor taken at 5 min, 6 hr and 24 hr showed a rapid decrease in this - 
second radioactive component, whether chromatographed in the presence 
of carrier serum (Fig. 56 and c) or by itself (Fig. 5d and e). Treatment of 
the amniotic fluid proteins of the 24 hr sample with Deacidite did not appear 
to alter significantly the amount of radioactivity on the first main protein 
component (Fig. 5e), although radioautography of a paper chromatograph 


- of the liquor at this time revealed free radioactive iodide, mono- and di- 


iodotyrosine and iodophenols. 


é (a) (b) 
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20 40 20 40 


Eluate (ml.) 
Fig. 5. DEAE cellulose as in Fig. 2. —— protein measurements at 280 my. 


skied counts/min above background. Rhesus F; approximately 1-5 me of **'1. 
labelled maternal serum proteins injected directly into the amniotic cavity. 


Index mark 
(counts/min) 
a, Maternal serum, 1 ml. dose (diluted) 4,000 
b, Liquor, diluted with carrier serum, 5min, 4,000 
1 ml. 
c, as b, at 6 hr, 1 ml. 4,000 
d, Liquor 24 hr, 1 ml. 40,000 
e, Liquor 24 hr; after treatment with 40,000 
Deacidite FF. 
f, Maternal serum, 24 hr, | ml. | 100 


g, Foetal serum, 24 hr, 1 ml. 100 
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The maternal serum (Fig. 5f) showed a little radioactivity in the first 
protein component and a trace in the second. The foetal serum owed a 
trace in the first component (Fig. 59). 

The findings on column electrophoresis of samples from monkey £. 
_ @ green monkey approximately at term, were essentially the same. 

Quantitative. The dose given to these two monkeys had the same amount 
of radioactivity as that used in the transplacental experiments. All of 
this activity was injected into the amniotic cavity. Table 3 shows that the 


20 


Counts/min 


Fig. 6. Green monkey E; 1-5 mc of 1*4I-labelled maternal serum proteins injected 
directly into amniotic cavity. The contents of the ileum of the foetus were mixed 
with carrier maternal serum, and a sample, after centrifugation, subjected to 
column electrophoresis. The similarity of the pattern of radioactivity to that in 
the dose serum indicates that some, at least, of the labelled proteins are present. 
——— protein measurement at 280 mp; ..... counts/min above background. 


specific activity of the albumin was some 100 times greater and the 
y-globulin some 500 times greater than that which occurred in the liquor in| 
the transplacental experiments. Despite this, radioactivity was found in 
the foetal albumin and y-globulin in quantities which were quite insignifi- 
cant compared with those found in the transplacental experiments. 
Slightly more radioactivity appeared in the maternal serum proteins. 
Since these had been diluted by the maternal circulating plasma, and to 
some extent by the extravascular pool, the total amount was significantly 
larger than that in foetal serum, but it was a small proportion of the dose 
within the amniotic cavity. A certain amount of this may have leaked out 
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through the tissue traumatized by amniotomy, and been absorbed into 
the maternal circulation. 

To confirm that the foetus had indeed swallowed the liquor, a sample of 
its ileal contents diluted with carrier serum was examined, and showed a 
distribution of radioactivity among the proteins after electrophoresis 
roughly similar to that of the dose (Fig. 6). ; 


DISCUSSION 
Inmitations of methods 

The interpretation of these experiments depends upon the biological 
normality of the 1*4I-labelled proteins. There is now reasonable evidence 
that proteins iodinated with an average of 1 atom per molecule behave 
metabolically with close similarity to proteins labelled with “C amino 
acids, at any rate in rabbits (Cohen, Holloway, Matthews & McFarlane, 
1955). The assumption is made that the selecting mechanism of the 
placenta is unable to distinguish between a protein molecule so labelled | 
and one that is not. If labelled molecules passed through the placenta then 
it is likely that similar but unlabelled ones would do so. Sera used for the 
dose in monkeys F, G and J were labelled with I after oxidation of 
sulphydryl groups with iodine; there appeared to be no consistent gross 
difference in experimental results between experiments performed on these 
monkeys and those performed in the others. 

When whole serum is subjected to the radioactive labelling and to the 
subsequent methods of handling and analysis it is likely that some proteins 
undergo denaturation more easily than others. Quantitative recovery of 
protein from electrophoretic or resin columns is most unusual and selective 
retention of particular proteins is likely to a greater or less extent. In 
order to control this variable, samples of serum and amniotic fluid were in 
many instances examined both with and without treatment on Deacidite 
resin columns and dialysis, before separation by column electrophoresis 
and chromatography. No attempt was made to preserve or to eliminate 
the lipo-proteins from either the dose or the samples and it is assumed that 
they underwent progressive denaturation with the handling of the samples. 

By the methods used and in view of the small percentage of the dose of 
labelled proteins which was found in the foetal fluids, it was impossible to 
be sure whether they represented some of a protein which was present in 
serum in large amounts (e.g. albumin or y-globulin) or whether they were 
large proportions of a protein which was present in much smaller concen- 
tration. To some extent the former was confirmed for the albumin by the 
fact that the electrophoretic peak was sharp and well defined and that 
radioactivity was found in the albumin on starch gel electrophoresis; 
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likewise radioactivity in the y-globulin fractions behaved as y-globulin on 
chromatography and on starch gel electrophoresis. 

All monkeys were given carrier iodide in their drinking water before and 
throughout the experiment. Despite this, high proportions (5-30°%) of 
radioactivity which was not precipitable with 10° TCA were found in 
foetal fluids. Whatever the physiological mechanism responsible may be, 
there is under these circumstances the possibility that radioactive iodide, 
diluted many times by the carrier iodide and iodoamino acids, may have 
been adsorbed on to the proteins (Block, Mandl & Keller, 1958). We have 
found that I iodide is adsorbed on to Rhesus monkey albumin in vivo 
and in vitro. Carrier-free !*1I (100 yc) in saline was injected intravenously 
into two monkeys, one normal and one which had had carrier iodide in its 
drinking water for 1 week. Serum samples takeh 5 min later and subjected 
to column electrophoresis showed radioactivity on the albumin. In serum 
from the normal monkey 17%, and in serum from the monkey on carrier 
iodide 2-4°% of the counts per millilitre of serum were in the albumin 
fraction. Serum taken 10 min after the dose showed very slightly lower 
total counts per millilitre, and 3 and 2 % were associated with the albumin. 
When carrier-free 1*1I was added in vitro to sera from these two monkeys, 
the figures were both 0-05%. Whether true adsorption or iodination 
occurred or whether there was competitive adsorption between the albumin 
and the treated cellulose of the electrophoresis column was not explained 
by these data. Precipitation of the sera with TCA yielded lower percent- 
ages (about a tenth) of radioactivity associated with protein. This fact 
and the finding that the activity in the protein could be reduced by about 
85% by either prolonged and vigorous dialysis against repeated changes 
of 1% sodium iodide in physiological saline, or by passage of the serum 
through.a column of Deacidite, suggest that the bond is a loose one. These 
experiments were not designed to determine how the association of the 
injected 1*!I iodide with albumin took place, nor the nature of the bond 
between them; they were performed to demonstrate that iodide in blood 
im vivo and in serum in vitro may be associated with albumin under the © 
conditions of electrophoresis in which the experimental sera were run. 

Treatment of the maternal and foetal sera and amniotic fluids on Deaci- 
dite columns and/or extensive dialysis against carrier iodide (and in one 
instance carrier mono-iodotyrosine) did in some samples reduce the radio- 
activity on the albumin peak, but only by small amounts (up to 10%). 
The possibility remains, however, that a slow continuous liberation of 
iodide and iodoamino acids from the labelled proteins undergoing cata- 
bolism, in intimate (sometimes probably intracellular) association with 
serum proteins, may have resulted in a small amount of radioactivity 
adsorbed upon albumin in these sera. 
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The number of monkeys was small but the results appeared to be 
consistent. Monkeys H and G were within about 1 week of term, while the 
others were within an estimated period of 3-5 weeks of term. During the 
last month of pregnancy the composition of the proteins in the liquor 
amnii in the monkey changed markedly. At about 5 months the liquor 
had a total protein concentration of about one tenth of that of adult 
monkey serum. At this time the major protein constituent moved electro- 
phoretically in the «,-globulin region on the treated cellulose columns used. 
This protein had other characteristics which were quite different from those 
of «-globulins and has not yet been shown to occur in serum (D. R. 
Bangham, K. R. Hobbs & D. E. H. Tee, unpublished observations). 
A paper summarizing some of its properties is in preparation. 

Samples of amniotic fluid were taken percutaneously, at 21 hr, in monkeys 
G and J. Although they were taken with great care, through a fine 
(No. 23) needle, it is possible and appears probable that some maternal 
serum leaked through the traumatized tissue of the needle track. This 
might have accounted for some of the rise in labelled albumin in the 
samples of fluid taken 3 hr later (particularly monkey J, Table 1). 


RESULTS 


The experiments demonstrate two main points, First, they show a 
direct and selective transmission of maternal albumin and y-globulins to 
the foetus, and in different proportion to the liquor amnii. Secondly, they 
show that the amniotic fluid plays a relatively insignificant role in the 
transmission of maternal serum proteins to the foetal circulation. 

The quantitative observations in. the transplacental experiments relate 
only to three individual animals at 8 and 24 hr, whereas the movement of 
proteins at different rates in and out of pools of different sizes represents 
a complex dynamic system. No data are available on the extravascular 
diffusion rate, metabolism or pool size of any proteins in the foetus 
in utero. The pool sizes would not change more than a few per cent during 
24 hr. In some preliminary experiments we have found no great difference 
in the rate of catabolism of albumin in rhesus monkeys 4 weeks old 
compared with ones 6 months or 18 months old. The relative rates of 


_, diffusion of individual proteins through capillaries in normal animals have 


not been worked out. Although one may well expect each to be different, 
it is thought that the ‘equilibrium state’ will not be much different from 
that found at 24 hr. Nevertheless, a full picture will be obtained only by 
serial sampling over a period of several hours, in order to obtain a know- » 
ledge of metabolism, pool size and diffusion rates. 
Transmission of proteins to the foetus. That maternal albumin is trans- 
mitted to the foetus in man has been predicted (Josephson & Gyllensward, 
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1957) on the basis of studies on changes in serum protein fraction concen- 
trations in infants and children. Transmission of heterologous albumin has 
been shown by immunological methods in rabbit foetuses (Schechtman & 
Abraham, 1958), and homologous and heterologous 1**I-labelled albumin 
in rabbit and rat (D. R. Bangham & K. R. Hobbs, unpublished obser- 
vations), and in guinea-pig foetuses (Dancis & Shafran, 1958). The evidence 
for the antenatal transmission of antibodies and y-globulin in primates is 
considerable. Paper electrophoretic studies on serum from human foetuses 
from 4 to 9 months old revealed a sharp rise in the y-globulin concentration 
during the last trimester (Ewerbeck & Levens, 1950). In normal infants 
the y-globulin and antibody present at birth decreases exponentially for 
the first 3 months of life. A normal infant born to a mother with acquired 
agammaglobulinaemia (below 11mg y-globulin/100 ml. by ‘immunochemical 
measurement’) showed no y-globulin in its serum until 3 months of age 
(Bridges, Condie, Zak & Good, 1959). The demonstration of the trans- 
mission of labelled y-globulin to the foetus in monkeys is therefore largely 
confirmatory, with a different technique. The experiments do, however, 
illustrate the degree of selection which occurs in the placenta. The trans- 
mission of the y-globulin appears so specific that it is tempting to postulate 
that the small amount of radioactivity present in the «- and f-globulin 
regions in the foetal serum represents the proteins of those antibodies 
known to move electrophoretically in this region, Rough estimations 
suggested that the total amount of radioactivity eluted from the DEAE 
columns accounted for about 90% of the ‘total globulin’ count obtained _ 
from the electrophoresis columns. The same postulate might be made for 
the similar highly specific selection of labelled y-globulin together with a 
small amount of labelled protein in the 8-globulin region (which, however, 
did not correlate closely with the B-globulin peak itself) which was found 
in the gut of the suckling 7-day-old rat (Bangham & Terry, 1957). The 
method of column electrophoresis used in the transplacental experiments 
did not enable a more precise study of other individual proteins to be 
made; a few observations using starch gel electrophoresis have confirmed 
the goteral findings described. 
In view of the strictly qualitative transmission of sidiipodinn and 
y-globulin it seems that the mechanism is an active one. In women 
suffering from toxaemia of pregnancy the concentration of «-globulin is 
higher, and that of albumin lower, in their sera than in normal persons; 
nevertheless, the new-born infant contains the same serum protein compo- 
sition and concentrations as normal new-born infants (Lagercrantz, 1945). 
The mean y-globulin concentrations of a group of African, European and 
American mothers were 1-42, 0-94 and 0-72 g/100 ml., whereas the concen- 
trations in their new-born infants were remarkably constant, 1-03, 1-1 
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and 0-97, respectively (Stanier & Thompson, 1954). This situation may be 
compared with Halliday’s finding (1957) that a suckling rat could absorb 
into its blood stream only a finite amount of antibody introduced into its 
gut. On the other hand it is possible that the increased y-globulin in the 
group of African mothers was due to a high proportion of complete anti- 


- bodies and/or those with a high (19S) sedimentation constant which 


appeared not to be transmitted to the foetus. Franklin & Kunkel (1958) 
have found that cord blood of normal infants contains concentrations of 
198 y-globulin much lower than in maternal blood; some 198 protein 
could be demonstrated by quantitative precipitin analyses, but not by 
ultracentrifugal analysis. 

Transmission of proteins to the liquor amnii. The disputed origin of 
proteins in human amniotic fluid has been discussed in a recent review 


_ (Jeffeoate & Scott, 1959). In early pregnancy the liquor is similar to 


plasma in composition. In later pregnancy its protein composition differs 
from that of plasma. It has been suggested that some part at least is a 
product of selective secretion by the amnion, but there has been no direct 
experimental evidence available. 

The results of the first (transplacental) group of » sceianetie indicated 
that labelled maternal albumin passed readily into the liquor. At 8 hr the 
liquor contained about four times, and at 24 hr about twice as much per 
unit volume as foetal blood. It is possible that the albumin passed into 
both fluids with nearly equal facility and the lower concentration in the 
foetal blood was due to its diffusion into the extravascular albumin pool of 
the foetus. The total volume of the liquor was from 80 to 120 ml. and the 
total amount of radioactive albumin entering it was then some 5-10 times 
that entering the foetus. Assuming there was no loss or break-down, it 
was calculated that about 0-5 g of albumin passed into the liquor in 24 hr. 
The fate of albumin in the liquor is uncertain, but it is present in low 


_ absolute concentration. The experiments in which labelled serum was 


injected into the liquor suggested that it was able to return to the maternal 
circulation. Owing to the dilution by the maternal serum protein pool the 
amounts found experimentally were small, and because of the likelihood 
of a leak from the liquor it was considered impracticable to obtain a 
balance sheet for albumin entering and leaving. The proteins in the liquor 
may also be actively catabolized after swallowing by the foetal gut, by the 
foetal membranes or by enzymes within the liquor itself. Chromatography 
of samples of liquor from monkeys D and F showed the presence of radio- 


active iodoamino acids as well as iodide: Similar radioactive metabolites 


were found in the maternal urine, but the foetal urine contained a small 
amount of radioactive iodide only. No labelled or unlabelled protein was 
found in the foetal urine. While a measure of the rate of catabolism and 
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loss from the liquor was not obtained in these experiments, there was 
evidently a rapid turnover of albumin. The significance of this for the 
foetus may represent a carrier mechanism in, and perhaps out, of the 
liquor for small metabolically important molecules known to be carried 
on albumin. 

The globulins on the other hand did not enter the liquor so readily ; the 
total albumin:globulin count ratio was above that found in maternal 
serum and quite unlike the pattern found in foetal serum in the trans- 
placental experiments (Table 4). It was even more difficult to obtain a 
reliable quantitative estimate for the globulins passing from the liquor to 
the maternal circulation. Since particular types of maternal antibody have 
been described in fairly high concentration in liquor (e.g. in Rh incompati- 
bility) it may be that, as with the transmission to the foetus, a large pro- 
portion of a particular (but different) small group of antibodies is trans- 
mitted to the liquor while most other types are not. 

T he route of transmission to the foetus. The experiments indicate that both 
the albumin and the globulin reach the foetus via the placenta. The 
strongest evidence that this also occurs for antibodies in human beings is 
that reported by Wasz-Hockert, Wager, Hantala & Widholm (1956). They 
observed that the maternal-to-foetal ratio of the titre of diphtheria anti- 
toxin in infants born with oesophageal, oesophago-tracheal, and anal 
atresia was the same as in normal infants. The antitoxin could therefore 
not have been absorbed by the gut from swallowed liquor. 

in the normal non-pregnant animal serum proteins occur in other body 
fluids nearly always in the same relative, but often different absolute, 
concentrations. There are some exceptions. Joint fluid, urine, cerebro- 
spinal fluid aqueous humour, and the secretions of several glands (saliva, 


pancreatic juice, seminal fluid) have been described as containing proteins 


different in relative concentrations and in other minor ways from those in 
plasma. In all these cases the quantitative discrimination is relatively 
small. The pregnant and suckling mammals show instances of preferential 
or selective transmission of one or more proteins, to a greater or less extent, 
where considerable quantities of proteins may be transmitted. The 
mammary gland of many species has been shown to select plasma y- 
globulin (Askonas, Campbell, Humphrey & Work, 1954) and a small 
amount of plasma albumin. The selecting epithelium is ectodermal. The 
entodermal lining of the suckling rat selectively transmits y-globulin but 
negligible quantities of other serum proteins (Bangham & Terry, 1957) 
and homologous antibodies in preference to heterologous ones (Batty et al. 
1954). Much research has shown that in rats, guinea-pigs and rabbits 
transmission to the foetus occurs via the entodermal lining of the foetal 
gut and yolk-sac lining (Brambell, Hemmings & Henderson, 1951). The 
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absorption of antibodies from the gut in the new-born calf, a situation 
where non-selective absorption occurs (Bangham, Ingram, Roy, Shillam & 
Terry, 1958), has been shown to take place via the lymphatics of the gut 
(Comline, Roberts & Titchen, 1951). Whether it occurs via the lymphatics 
of the gut in the rat and rabbit foetus is not yet clear. There is evidence to 
suggest that the return of extravascular plasma proteins to the venous 
system occurs in most tissues in the normal animal almost exclusively via 
the lymphatics (Jepson, Simeone & Dobyns, 1953; Taylor, Kinmouth, 
Rollinson, Rotblat & Francis, 1957). There are few tissues devoid of 
lymphatics ; these include the central nervous system, bone, striped muscle 
and the placentae of primates. The rhesus (and presumably also the 
human) foetal placenta is therefore unusual in two respects. The syncytial 
trophoblast is a non-entodermal membrane which selectively transmits 
proteins, and the proteins are transferred thereafter directly into the 
foetal capillaries. | 

The route of transmission to the liquor amnii. It is probable that the 
serum proteins entering the liquor do so through the surrounding chorion 
and amnion. It is unlikely that a significant quantity enters by way of the 
foetal respiratory or alimentary tract, becausc of the completely different 
specific activities and electrophoretic pattern of the labelled proteins 
which were found in liquor and foetal serum. No labelled protein was 
found in foetal urine. Apart from the relatively high concentration of the 
particular liquor protein which occurs in mid. to late pregnancy in the 
rhesus monkey, human and rhesus liquor contain concentration of a 
tryptophan-rich ‘pre-albumin’ (paper electrophoresis, veronal pH 8-6, 
p = 0-5) higher than that occurring in the blood. It seems, therefore, that, 
as in most dynamic systems, each individual protein has its own specific 
rate of entry into, and either break-down or exit from, the liquor. Likewise 
it is possible that each of these proteins has its own site (chorion, amnion, 
basal plate of placenta) of entry and exit, and in some cases synthesis. 

Histological study of at least three membranes which are the sites of 
proven selective absorption of protein shows several marked similarities. 
Clark’s studies (1959) with the electron microscope have shown with great 
clarity the fine structure of the entoderm of the gut of the suckling rat. 
The luminal surface of these cells is covered with microvilli; between the 
bases of the microvilli vacuoles extend into the cytoplasm of the cell. 
After feeding a protein antigen and taking specimens at different periods 
of time subsequently, he demonstrated by staining with fluorescent- 
labelled specific antibody that the protein was taken into the vacuoles 
between the microvilli by a process of pinocytosis. The many small 
vacuoles then coalesced as they traversed the cell to the base. The syncytial 
trophoblast separating the maternal blood from the foetal capillaries in 
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the rhesus placenta (Wislocki & Bennett, 1943) and human placenta 
(Wislocki & Dempsey, 1955) show similar microvilli on the surface exposed 
to maternal blood, and successively larger vacuoles towards the base of 
the syncytium. The human amnion, which has been studied by Bourne 
(1959), shows similar microvilli, but they occur on both the maternal and 
foetal surfaces, indicating perhaps the possible two-way transmission 
which some results of these experiments suggest. The cytoplasm in these 
cells in these three situations also contains many mitochondria, fat drop- 
lets and Golgi apparatus; histochemically they have been shown to contain 
a number of enzymes in high concentration. In general they have the 
appearance of being highly active. 

The experiments in monkeys do not indicate whether it is the amnion or 
the chorion which is responsible for selective transmission to the liquor, 
nor whether it is that part of them which covers the surface of the placenta 
or that part which lines the decidua capsularis of the uterus. By analogy 
on a histological basis with other selecting membranes it is likely to be the 
amnion. If this is so, the amnion is another example of a non-entodermal 
membrane with this property. Furthermore, it transmits a spectrum of 
proteins entirely different from that transmitted by the primate placenta 
and rat entoderm. The amnion is also unusual in that it has no blood supply 
of its own and its cells depend on the viability of the foetus. 

The foetal amnion, chorion (which has a maternal blood supply) and 
syncytial trophoblast of the placenta are unique in that they are the 
immunological and anatomical boundary between the genetically different 
maternal and foetal tissues, and yet allow certain maternal whole proteins 
to pass through them. Whether the placenta also allows a two-way trans- 
mission of foetal whole proteins to pass to the maternal circulation has yet 
to be demonstrated. 

SUMMARY 
1. 1!]-labelled maternal serum proteins were injected intravenously 
into pregnant rhesus monkeys. The proteins in samples of maternal and 
foetal serum, and liquor amnii, taken 8 and 24 hr afterwards were frac- 
tionated by column electrophoresis and by chromatography on diethy]- 
aminoethyl! cellulose. 

2. The foetal serum contained labelled y,- and y,-globulin and a small 
amount of labelled albumin. The labelled albumin was transmitted some 
10-20 times less easily than y-globulin. Since y-globulin isolated chromato- 
graphically accounted for some 90% of the total radioactivity in the 
globulins, little if any of the other ‘globulins’ was transmitted. 

3. The liquor contained about twice as much labelled albumin per unit 
volume as did the foetal serum. The absolute concentration of albumin in 
the liquor was low, and the specific activity was therefore some 40 times 
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that in the foetal serum. Small amounts of labelled globulins were found 
in the liquor and there was no preferential transmission of y-globulin 
comparable with that found in foetal serum. 

4. In order to determine whether proteins were absorbed from the 
liquor by the foetal gut, **I-labelled maternal serum proteins, with specific 
activities some 100-500 times higher than those occurring in the liquor in 
the previous experiments, were injected into the liquor of two pregnant 
monkeys. T'wenty-four hours later extremely small quantities of labelled 
proteins were found in the foetal serum, and small but appreciable quan- 
tities of labelled albumin were found in the maternal serum. The fate 
of proteins in the liquor was not otherwise investigated, but there is 
apparently a high rate of turnover of albumin. 

5. It was therefore concluded that the route of albumin and y-globulins 
to the foetus is transplacental. The liquor plays an unimportant part, if 
any, in the transmission of these proteins to the foetus. 

6. The histological features of the amnion and syncytial trophoblast of 
the placenta of the foetal monkey are closely similar to those of the ento- 
dermal lining of the yolk sac of the rabbit foetus and the entoderm of the 
suckling rat, sites at which selective transmission of proteins occurs. : It 
appears probable that these two non-entodermal membranes of the foetal 
rhesus monkey are the sites responsible for the two instances of selective — 


transmission observed in these experiments. 


I am greatly indebted to Dr A. S. McFarlane and Mr R. C. Holloway for assistance in 
preparing the labelled serum; to Dr K. Sykes, Dr P. Frost and Dr D, E. H. Tee for help with 
anaesthesia; to Mr D. Short and Dr F. Hawking for assistance in obtaining the monkeys; 
and to Dr R. J. Terry with whom this. work was started. It is a great pleasure to thank 
Mr K. R. Hobbs for his unfailing assistance throughout these experiments. 
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THE MEASUREMENT OF TENSION IN VASCULAR 
SMOOTH MUSCLE 
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An aim of physiological research is to establish quantitative relations 


between physiological ‘responses’ and the amount of ‘stimulus’ that — 


elicited them, as in terms of the concentration of a drug administered. 
The experimental results are most concisely and completely described, in 
many cases, by an equation. This may be purely empirical. When the 
results are examined, it may be that a logarithmic relation or a rectangular 
hyperbola gives a reasonable fit over the range of the variables used in the 


experiments. Such an empirical equation is useful over that range, for 
prediction of the magnitude of response from the intensity .of stimulus. . 


A familiar example is the pharmacologists’ relation, found to hold over a 
very limited range, between logarithm of ‘dose’, and ‘response’ (Gaddum, 
1953). The usefulness of such empirical equations is limited, and we can- 
not hope to interpret their mathematical form in terms of basic mechanisms 
of the response, unless that particular mathematical form is the result of 
some basic hypothesis, and of analysis of behaviour of a ‘model’ operating 
on this hypothesis. Since there are usually many different forms of 
mathematical relation that might fit the data equally well over the range, 
it becomes important to choose, from among these, one which might be 
consistent with some such hypothesis and model. 

For this process to be useful, the particular response measured should 
obviously be ‘primary’ to the hypothesis and to its application to model 
behaviour. 

An example may make this clear. Where vasomotor effects of pressor 
drugs are concerned, the ‘primary response’ might be considered to be the 


_ tension developed by the smooth muscle of the vessel wall when a given 


concentration of drug is presented to the ‘receptor substance’ of that 


muscle. The tension could be related to the concentration of the drug by 


an equation based on some plausible theory, e.g. of reversible formation of 
an activated complex between drug and receptor substance. The index of 
response measured, however, would usually be the change in resistance to 
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flow of a vascular bed, when a given concentration of the drug was present 
in the perfusate. There are three ways in which such data have been 
obtained. (a) by using perfusion at constant pressure, of an isolated 
vascular bed, and measurement of the decrease in flow when the perfusate 
contains a pressor substance in a known concentration; (b) by using one 
of the constant-flow pumps now. available, again with an isolated pre- 
paration, and measuring the increase in ‘driving pressure’, from artery to 
vein, when the pressor agent is present; or (c) in the ‘intact’ circulation of 
an animal, where neither driving pressure nor flow are constant when the 
pressor agent is given. 

The results of all three methods can be expressed in common terms as 
the change in resistance to flow (i.e. in the ratio of driving pressure to flow). 
As demonstrated in this paper, however, the relations between the response, 
in terms of change of resistance, and concentration of the drug, e.g. 
adrenaline, found by these three methods of experiment, will be com- 
pletely different. 

Figure 1, which anticipates results obtained by the methods described 
later in the paper, illustrates this difficulty. The data were obtained by 
measuring the increase in resistance to flow in the vascular bed of an 
isolated rabbit’s ear at constant flow, repeated at several different values 
of that flow. Figure 1.4 shows flow—pressure curves for given concentra- 
tions of the drug. These curves closely resemble previous results obtained 
in this laboratory by a variety of methods (Nichol, Girling, Jerrard, 
Claxton & Burton, 1951; Girling, 1952). This graph contains all the data, 
from which we can deduce also the change of resistance that would have 
been measured if constant-pressure determinations had been used, instead 
of constant flow. Figure 1B shows, from the same data, the change in 
resistance versus concentration of drug plotted for constant pressure of 
perfusion, Fig. 1C for constant flow. Three different levels of flow and of 
pressure were chosen to derive these curves from Fig. 1 A (e.g. broken lines 
on Fig. 1A). It is seen that the shapes of the resistance—concentration 
curves are quite different according to the method used to analyse the 
data. Indeed, Fig. 1B suggests that the response to adrenaline increases 
more and more as the concentration is increased, while Fig. 1C might 
suggest, for higher rates of flow, that the response was proportional to 
concentration. Actually, as verified in subsequent work with higher con- 
centrations, the response eventually reaches a ‘saturation’ value. 

( Obviously we could not base the verification of any kinetic theory of 
action of the drug on the results of either method of experimentation, 
without proving which, if either, of the methods, i.e. constant-pressure or 
constant-flow perfusion, was related directly to the tension of the muscle. 


The factor that makes the curves of Figs. 1B and 10 so different is, of 
19-2 
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course, the distensibility of the blood vessels. When constant-pressure 
perfusion is used, the increasing tension with higher concentrations of drug 
eventually causes ‘critical closure’ of the vessels (Burton, 1951). With 
constant flow, closure can never occur, since when increasing concentra- 
tions of the drug increase the tension the perfusion pressure and thus the 
‘transmural pressure’ of the vessels also increases. This distends the vessels 
esha J and partially offsets the constrictive effect of the increase in 
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Fig. 1, A. Flow—pressure curves for an isolated rabbit ear, perfused with different 
concentrations of adrenaline. A series of values of constant flow was used. 

B. Resistance to flow versus concentration of adrenaline, derived from A, at three 
different values of constant driving pressure. 

C. The same for three different values of constant flow. 
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tension. This consideration suggested a possible method of measuring the 
‘active tension’ of the muscle directly, in which the passive distension 
would be made to compensate completely for the active constriction. 


Theory of a method of measuring tension of the vascular smooth muscle 


- To simplify the discussion we have replaced the vascular bed of the ear 
by a single equivalent vessel which would give the actual total resistance 
to flow (Fig. 2). The total tension in the wall (7), must be related to the 


f-f +0 
+ Ty, + + A 


Prm = Piy Pr Pru = Piy — Pr = Pry Pr 
Initial With adrenaline — With adrenaline and 


negative tissue pressure 


Fig. 2. To illustrate the theory of the ‘null method’ for measuring active 
tension in the vessel wall. 


‘transmural pressure’ (P;,,), which is the intravascular pressure P,, 
minus the tissue pressure P,, by the law of Laplace (ca. 1806), 7 = Phy xr, 
where 7 is the radius of the equivalent vessel (Burton, 1951). The total 
tension 7' can be considered as the sum of two tensions: the ‘elastic tension’, 
T,, which depends on the degree of stretch of the wall, plus the ‘active 
tension’, 7',, due to contraction of the smooth muscle. 

By our definition, ‘active tension’ is independent of the degree of stretch 
of the wall. Vascular smooth muscle, the contraction of which supplies 
the ‘active tension’, also possesses ‘elasticity’, i.e. change of tension with 
stretch, but its contribution in this respect can be included under the 
‘elastic tension’, most of which is probably due to the other elements of the 
wall (Burton, 1954), Thus the division into ‘active’ and ‘elastic’ tensions 
is ‘funetional’ and convenient, and not on an anatomical basis, nor does it 
involve any approximation. Without the presence of the vasoactive drug, 
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‘T', may be considered to be zero, as in Fig. 2.A (the result does not depend 


on this assumption). 

When the drug is present in a given concentration, the active tension 
increases, and the vessel contracts, as in Fig. 2B. The total tension has 
increased. However, the increase in active tension 7’, has been partially 
offset by a decrease in the elastic tension, 7, due to the reduction in 
stretch of the wall. Thus the change in total tension cannot be used as an 
index of the primary response, i.e. of the active tension, unless the details 
of the concomitant decrease in the elastic tension are known. This would 
involve knowing the details of the distensibility curves of the resistance 
vessels. 

However, if the vessel can be made to return to its original radius in the 
presence of the pressor drug, then the elastic tension will also return to its 
original value (Fig. 2C). It is possible that this assumption may not be 
correct, for there is evidence that the contraction of the smooth muscle 
may ‘tighten up’ the elastic fibres of the wall (see Appendix) so that even 
though the radius is the same as before, the elastic tension may be greater. 
Making this assumption is the best that can*be done. The increase in total 
tension will now equal the change in active tension induced by the drug, 


_ie. AT = AT. Since the radius of the vessel depends on the transmural 


pressure, P,,, which is the difference between intravascular and tissue 
pressure (P,,,, = Py, —P,), the vessel may be distended to its original size 
by decreasing the tissue pressure, i.e. by lowering the pressure in a box in 
which the rabbit’s ear is placed (Fig. 3). If a ‘negative pressure’ sufficient 
to reduce the driving pressure to its original pressure be found, and the 
flow is constant, the resistance to flow must be once more at its original 
value. Since the resistance to flow depends on the radius of the vessel, 
this must also be at its original — as was desired — for the 
reservation below). 


The law of recently is | 
T = Poy 


Tf r ‘has been kept constant by the procedure above, then 


AT, = AT = APpyxr, 


| and since the, intravascular pressure will be the same as nefore 


APpy = —APy. 
Thus, in this ‘null method’, oS 
AT, = WAP, 
Since the parameter r in this null method is a constant, the iratave t tissue 


pressure required to reach the null point will therefore be a measure of t!.¢ 
active tension produced by the drug in the vascular smooth-muscle. 
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This analysis is, of course, based on a ‘lumped parameter’, the ‘ single 
equivalent vessel’, and in the real situation several categories of vessel 
contribute to the total resistance to flow. Since distensibilities of different 
categories of vessel are not the same, the final situation when negative 
tissue pressure is applied might give the same total resistance, yet the 
arterioles might not be exactly at their original radii, because other vessels 
contributing to the resistance were now distended. This statistical con- 
sideration is a valid criticism of the method, but the method is the best that 
can be devised. The error is unlikely to be great, since there is abundant 
evidence, from calculations based on the sizes of vessels, and from the 
pressure gradients down the line of resistances in vascular beds, that one 
category of vessels, the arterioles, contributes by far the greatest part of 
the total resistance (probably at least 70%), especially when there is 
vasomotor tone. | 

The null method, which employs negative tissue pressure, is not very 
convenient, and cannot be used for long periods of time, e.g. to establish 
a large number of tension—concentration relations, because oedema of the 
ear occurs quite rapidly as a result of the increased capillary transmural 
pressures. However, this method provides a means of testing measures more 
easily available, such as the increase of resistance produced by the drug 
when either constant-pressure or constant-flow perfusion is used, as to 
their relation to the active tension. Fortunately it turns out that the rise 
of resistance, at constant flow, is an excellent measure of active. tension. 


METHODS 


Rabbits, weighing 1-8-3 kg, were anaesthetized with urethane (7-5 ml./kg of a 20% 
solution, intraperitoneally). Heparin (2 mg) was injected intravenously. The central and 
the major peripheral veins of the ear were first cannulated with polyethylene tubes and 
then the central artery near the root of the ear. The blood was forced out of the ear by a 
syringe, and the ear was then cut off. In the ‘null method’ it was essential that venous out- 
flow, other than through the cannulae, should be occluded, since otherwise the effective 
venous pressure might be indeterminate. A paraffin-wax plug was poured into the auricular 
cavity at the root of the ear, and a tight ligature was tied over the skin, holding it against 
this plug. A coat cf collodion was also applied to seal off any seepage of blood. In spite of 
these precautions, leaking sometimes occurred when high concentrations of adrenaline were 
used, necessitating very high values of the negative pressure to reach the null point. Leakage 


‘was easily detected, and where it occurred the data were rejected. 


All the plastic tubes of the cannulae, arterial and venous, were led through a glass tube 
in a rubber stopper in the wall of the chamber. The venous cannulae drained into a test-tube, 
to preserve a constant level of venous pressure. The artery was connected through a constant- 
flow pump (sigmamotor) to a funnel containing a known volume of buffered Ringer’s 
solution, at pH 7-4, This solution was prepared by mixing two stock solutions which were 
stored at 4° C until required. One part of a solution of CaCl, (2°16 g/l.) was added to 8 parts 
of a solution of 76-5 g NaCl, 3-78 g KCl, 4:50 g anhydrous Na,HPO,, and 1:5 to 2+5 ml. 
M-H,PO, to pH 7-4 in 8 1. of water. 
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The total volume of fluid in the system could be reduced to less than 5 ml. of which only 
0-1—0-2 ml. was in the vessels of the ear. The pump delivers a pulsatile flow, the mean value 
of which is accurately known from the calibration of a continuously variable gear on its 
motor. The output is completely independent of the resistance to flow into which it pumps. 

The driving pressure was measured by a strain-gauge electromanometer (Statham) con- 
nected to the arterial cannula and was recorded on an ink-writing recorder (Varian). 


Fig. 3. Diagram of apparatus used in the null method. /, constant-flow pump; 
M, manometer showing negative tissue pressure; P, pressure transducer for 
driving pressure; V, vacuum pump. | 
1 mi 
Po=1i7mmHg 
APp= 85:5 mm Hg 


mm Hg 


Fig. 4. Record obtained by the ‘null method’. For explanation, see text. 


Solutions of fresh adrenaline (Parke, Davis and Co; epinephrine hydrochloride solution 


_ C€.8.D. 1/100) were made up in concentrated form (1 in 10° or 1 in 10*) at pH 4-0, in which 


the in vitro oxidation is inhibited. Small volumes of these solutions were added to the 
funnel of Ringer’s solution, which was quickly stirred to give the various concentrations of 
drug desired. It was found early in the research that the addition of as little as 1 part in 
200 of blood or plasma (or of a 0-8 mg % glutathione solution) to the perfusate removed any 
evidence of in vitro oxidation of the drug during its passage through the ear, and made 
the trati esp curves much more consistent, as well as increasing the re- 
sponsiveness. 

As has been general experience, the isolated ears, perfused by cold Ringer’s solution, were 
responsive to concentrations of adrenaline as low as 10-* g/ml. Oxygenation of the per- 
fusing solution by bubbling O, in the funnel made no appreciable difference to this re- 
sponsiveness. There was very little change in responsiveness in the 1-2 hr period of an 
experiment, 


Operation of the ‘null method’ for measuring the tension 

Figure 4 is a typical record from an experiment at a constant flow of 2:5 ml./min. At the 
point marked ‘a’, the reservoir funnel was emptied and the solution was replaced by 
Ringer’s solution containing a concentration of 2 x 10-* of adrenaline. When the subsequent 
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rise of pressure reached a steady level, at point ‘b’, the pressure in the chamber was reduced 
(by @ vacuum pump) until the driving pressure was below the original value, point ‘ec’, As 
soon as the box pressure was lowered the venous outflow ceased, and some fluid from the 
outflow test-tube was observed to flow back into the ear to fill the distended vessels. For 
up to 30 sec, the record of driving pressure showed a rise as the new steady state of flow was 
reached. Air was then allowed to leak into the chamber until the mean driving pressure 
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Fig. 5. Relation of negative pressure in the chamber to rise of driving pressure 
at constant flow for six different ears. 


reached its original value. The pressure in the chamber was rapidly returned to atmo- 


spheric, and the driving pressure rose to the original value (point ‘d’). Finally (point ‘e’) the 
solution in the funnel was replaced by fresh Ringer’s solution, and the driving pressure 
returned to its original value. The measurements of the records, and of a mercury manometer 
attached to the chamber, gave the simultaneous values of the rises of driving pressure Pp 
at constant flow, and of the increased transmural pressure (the negative pressure in the 
chamber) required to bring the vessels back to their original resistance. 
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RESULTS 
The graphs of the negative tissue pressure, for the ‘null’ point, pro- 
portional by the theory to the tension of the smooth muscle, versus the 
rise in driving pressure for six different ears, are shown in Fig. 5. Graphs 
a, b, c and d are at the same constant-flow rate; e and f are at two other 
rates of flow. It may be seen that if the drug produces rises of pressure of 
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Fig. 6. Results for ten different ears, each at a constant flow of 2:52 ml, /min. 
The coefficient of linear correlation for abscissae greater than 20 mm Hg is 


0-96. —Pp= 1-:26P,+12, T,a(AP)+10) for AP, > 20. 


more than 20 mm Hg the relation is remarkably linear. The straight line, 
when extrapolated, has an intercept of about minus 10 mm Hg, for the 
flow rate of 2-5 ml./min. In this range, therefore, the tension of the smocth 
muscle is accurately proportional to the rise of arterial pressure plus a sma! 
constant added pressure (10 mm Hg in this case). In the case of the other 
rates of flow used, the added constant is less, and could be neglected. 
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The results of many experiments at the intermediate flow rate of 2-5 ml./ 
min on ten different ears are shown on a scatter graph in Fig. 6. The 
linearity for pressure rises of more than 20 mm Hg is evident even when 
many ears are included. The coefficient of correlation was 0-96 (37 degreés 
of freedom). Similar scatter graphs were made for flow rates of 1-72 and 
350 ml./min. The coefficients of correlation were again very high, 0-98 
(16 degrees of freedom) and 0-97 (14 degrees of freedom) respectively. The 
slope of the regression line for the flow rate of 1-72 ml./min was significantly 
different from that of the data at a flow rate of 2-52 ml./min, and in the 
case of the highest and lowest flow rates the intercepts of the regression 


lines on the pressure axis were between 0 and — 5 mm Hg, which would be 
negligible for practical purposes. 


DISCUSSION 


_ [tis evident that when the method of perfusion at constant flow is used, 
the increase in driving pressure (or in the proportional resistance to flow) 
is a very good measure of the increase in ‘active tension’ of the vascular 
smooth muscle when a given concentration of adrenaline is present in the 
perfusate. There is very little error in assuming strict proportionality 
between the rise in driving pressure and the active tension. Greater ac- 
curacy for the flow rate of 2-5 ml./min used in the majority of the experi- 
ments is achieved by adding a constant 10 mm Hg to the observed in- 
crease of pressure, for pressure increases greater than 20mm Hg. Pro- 
portionately less should be added for increases of less than 20 mm Hg, say 
3mm Hg for AP, between 0 and 10 mm Hg, and 7 mm Hg for AP, 
between 10 and 20 mm Hg. For the two other flow rates (1-72 and 3-50 
ml./min) no correction is necessary. | 

Since the concentration—response curves when the experiments are made 
with constant perfusion pressure, rather than with constant flow, are com- 
pletely different, it is obvious that the constant-pressure method offers no 
possibility of measuring the ‘primary response’. 

The linearity of the relation with ‘active tension’ in the constant-flow 
method is not to be thought of as arising from any simple basic relations, 
but as an ‘accidental’ result of many factors concerned with the vascular 
resistance. The degree of distensibility (change of radius with transmural 
pressure) is one of these factors, the fourth power relation between radius of 
vessel and viscous resistance is another, and mathematical analysis (see 
Appendix). indicates that a decrease in distensibility when the smooth 
muscle contracts is also involved. It should be emphasized, therefore, 
that this fortunate linearity in the case of the rabbit’s ear, at the rates of 
flow employed, must not be taken as an indication that a similar linearity 
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would exist in other vascular beds under different circumstances of pres- 
sure and flow. A generalization that the method of constant flow would be 
more likely to give such linearity than the more common method of per- 
fusion at constant pressure would, however, be justified. The mathematical 
analysis given in the appendix encourages the hope that approximate 
linearity would be found in other vascular beds. 


SUMMARY 
1. The need is pointed out for a method of measuring the ‘active 


tension’ of vascular smooth muscle in response to a given concentration of aft 


a pressor drug, or to nervous stimulation, if interpretation in terms of 
kinetics of drug action is to proceed. 

2. It has been shown that if the ‘response’ is measured by a change of 
resistance to flow of the vascular bed, the relation between response and 
concentration of adrenaline is quite different if constant-pressure per- 
fusion is used, from the results with perfusion at constant flow. 

_ 3. A ‘null method’ for measuring the ‘active tension’ directly has been 
devised, based on a ‘lumped parameter’ theory of a single equivalent 


vessel having the same resistance to flow as the vascular bed. 


4. When the results of this ‘null method’ are compared with the rise in 

driving pressure obtained under constant flow, in a range of concentrations 
of adrenaline from threshold concentrations to those giving maximal 
response, it is found that the relation is linear for all but the smallest 
responses (increases in driving pressure of less than 20mm Hg). In 
contrast, the changes of resistance observed when constant perfusion 
pressure is used are not at all linearly related to the active tension. 
_ &. It is concluded that for the rabbit ear preparation the measurement 
of responses to adrenaline as increases of driving pressure, or of resistance, 
at constant flow should permit interpretation in terms of basic theories of 
action of the drug on the smooth muscle. | 
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APPENDIX 
Theory of constant pressure and of constant flow perfusion 
The concept of a ‘single equivalent resistance vessel’ is used, as already 


explained in the text. The total tension, 7’, per centimetre length of vessel, 
is given by 
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in which the ‘elastic tension’, 7’, is a function of the radius of the vessel 


= T-f(r). (2) 


(Fig. 7); i.e, 


For the total tension 7’ we have the law of Laplace, 


T = Pry Xf, (3) 


where Ppy is the transmural pressure of the single equivalent vessel. 

It is easily shown that if the use of the ‘single equivalent vessel’ is 
justified, i.e. most of the total resistance to flow resides in one set of 
vessels (the arterioles), then the mean intravascular pressure at the single 
equivalent vessel must be midway between arterial and venous pressures. 
If venous pressure be taken as zero, then 


Pry = P,/2, (4) 
where Ff, is the ‘driving pressure’, arterial minus venous pressure. By 
substitution, equation (2) becomes 


T, = — f(r) 


Equation (5) applies whether constant-pressure or constant-flow methods 


of perfusion are employed. 


Perfusion at constant driving pressure — 
Here P,, is constant in equation (5). A graphical solution of the equation © 
has been given elsewhere (Burton, 1951), and is repeated in Fig. 7A. The 


- eurve represents the rise of elastic tension with increase of the radius r of 


the vessel, beyond its unstretched radius ry. The straight line (Laplacian 
line) through the origin, with slope equal to P,/2, represents the total 
tension that must be present if the law of Laplace is to be obeyed. The 
intersection at point A represents the radius and elastic tension of the 
vessel when it is in equilibrium under elastic tension only, without any 
vasomotor tone (7', = 0). Suppose that under vasomotor tone the vessel 
contracts to radius r’, then the new total tension is represented by the 
vertical distance BD. Of this, CD represents the now reduced elastic 
tension. The remainder, BC, must represent the active tension T', re- 
quired to reduce the radius from r to r’. On the basis of this diagram the 
possibility of ‘critical closure’ was predicted, since when the intercept BC 
has reached its maximum value (B’C’), at a value of r close to rp, no greater 
active tension than this will be required to cause complete closure of the 
vessel, unless new forces intervene. 

Elastic diagrams of blood vessels (Roach & Burton, 1957) are such that 
at_a moderate degree of stretch beyond the ‘unstretched radius’ rp, the 
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line of elastic tension reaches its maximum slope, since all the collagenous 
fibres in the wall are now being stretched. Except for the lowest values of 
active tension and of transmural pressure, therefore, we may use an 


approximation for f(r), 
f(r) = (6) 


where & is the maximum elastic modulus of the wall. Substituting this in 
equation (5) yields | 
T, = kry—(k—Fp/2)r, 

(k must be greater at P,/2, as inspection of the diagram will show; other- 


wise there will be no intersection, indicating ‘blow-out’ of the vessel under 
too high a pressure). | 
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Fig. 7. Illustrating the equilibrium of the single equivalent resistance vessel. 
a, with perfusion at constant pressure; b, with perfusion at constant flow. — 


We may deduce how the resistance to flow will depend on the active 
tension, 7',, by using the Poiseuille-Hagen formula, 


R= ar, where «= (8) 
vis 
Finally, 


Equation (9) predicts a very accelerated rate of increase of resistance as 
7’, increases, because the fourth power is involved, until finally, when 
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_ evidence that when there is vasomotor tone the value of k increases. 
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T, = Pp/2xt%, the point of critical closure is reached. Such a very 


curvilinear relation between resistance and concentration of adrenaline 


(related to 7,) was found experimentally (Fig. 1B) when constant- 


pressure perfusion was used. 


Perfusion at constant flow — 
Equation (5) applies, but P, is no longer constant. Instead, 
Ph = FxR = (10) 
where F' is the constant-flow rate. Substituting in equation (5), 


The solution of equation (11) is represented graphically in Fig. 7B, where 
the broken line represents the first term (in r~*). The intercept BC is now 
much greater than in Fig. 7a, i.e. much more active tension is required to 
reduce the radius of the vessel. This is, of course, because of the com- 
pensatory rise of transmural pressure that occurs in the constant-flow 
method. There is now no maximum value of the intercept’ B’C’ (as in 
Fig. 7a), and so no possibility of ‘critical closure’. | 
—_—* we may use the approximation for f(r), equation (6), and find 


RI 


—ko-*R-*, (12) 
3 
How can this equation represent an almost linear relation, except for 
very small values of 7',, between 7', and the resistance R? (The driving 
pressure P,, plotted in Fig. 5 is proportional to the resistance R if the flow 
is constant.) In a plot of 7, versus R, the term Rt will give a relatively 
slight curvature towards the axis of R over the whole range. The term in 
R-+t, which is smaller, decreases rapidly as R is increased. Subtraction of 
this term from the other will tend to straighten the line, over the range in 
which the term is not negligible. To illustrate this, numerical calculation 
has been made of the function 


y = nki— 


with n having values of 1, 2, 3 and 4 (Fig. 8). 


The working range of the experiments at constant flow corresponds to an. 
increase of the resistance of, at the most, five times, as the maximal effect 
of adrenaline is reached before this. The linearity and correspondence to 
the experimental curves is moderately good. There is, however, evidence 
of a further factor that makes the linearity more marked. This is the 
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The sigmamotor pump supplies a constant fluctuation in volume flow, 
which is shown by the fluctuation in driving pressure on the records, i.e. 
the ‘pulse pressure’. The records by the ‘null method’ for the active 
tension (e.g. Fig. 4) show that, even when the vessels are brought back to 
their original size, the pulse pressure increases with the concentration of 
adrenaline. This indicates an increase in the elastic modulus, k, brought 
about by the ‘tightening-up’ of the ‘slack’ in the collagenous fibres when 


n=4 
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Fig. 8. Plot of the function y = nR?—R-t for values of n of 1, 2, 3 and 4. 


uk 


the smooth muscle contracts. There is an increase in pulse pressure to 
about twice its original value as the resistance increases three times 
(Fig. 9B). We therefore corrected the numerical calculation to 


nRt —f(R-), 


where f increased from 0:5 to 1-0, as indicated in Fig. 9A. The result is 
a marked straightening of the line, except for the lowest values of 7,. It — 
now resembles the experimentally determined curves of Fig. 5 very closely 
indeed. 

It is concluded, therefore, that the remarkable linear relation found 
experimentally, with perfusion at constant flow, is consistent with the 
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theory, and that the same theory predicts that the method of perfusion at 
constant driving pressure would give no such convenient linear relation 
between active tension and response. While it is not at all conclusive, the 
theory does offer hope that other vascular beds than that of the isolated 
rabbit’s ear might obey similar linear relations if the method of constant 
flow were employed. 
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Fig. 9. A. Assumed variation of the factor f in the relation y = nRt—fR-t. B 
Experimental results for pulse pressure versus concentration of adrenaline, The 
pulse pressure was measured at the ‘null point’, i.e. with the single equivalent 
vessel at the same size. C. Application of the correcting factor f to the curve of 
Fig. 8 (nm = 3). (a) broken line, uncorrected (y = 3R!— R-*; (b) solid line, corrected, 
(y= 3Rt—fR-). 
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SYNAPTIC LINKAGE BETWEEN AFFERENT FIBRES OF THE 
CAT’S HIND LIMB AND ASCENDING FIBRES IN THE 
DORSOLATERAL FUNICULUS 
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From the Department of Physiology, Medical School, . 
University of Otago, Dunedin, New Zealand 
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In contrast with the very large amount of work carried out on the 
synaptic mechanisms of motoneurones, relatively few investigations have 
been made into the properties of the synapses which interrupt afferent 
pathways, although the latter junctions have long been known to possess 
distinctive properties (Marshall, 1941; Therman, 1941; Grundfest & 
Campbell, 1942; Lloyd & McIntyre, 1950; Amassian, 1953; Bishop, 1953; 
Rose & Mountcastle, 1954). Of the afferent junctional sys#éms previously 
studied, the linkage between hind-limb primary afferent fibres and neurones 
projecting rostrally in the ipsilateral dorsolateral funiculus is of special 
interest because low-threshold (Group 1) afferent fibres serving muscle 
effect monosynaptic connexions with neurones of this projection system 
(Clarke’s column cells) as well as with motoneurones (Lloyd & McIntyre, 
1950). Thus a favourable situation is provided for comparing the properties 
of an afferent with those of the well-known motoneurone synaptic system. 
The object of the experiments to be described was to explore more fully 
the differences between these two synaptic systems, and to examine the 
response patterns evoked in single dorso-lateral tract neurones by different 
forms of peripheral stimulation. Many of our results are in substantial 
agreement with those of Laporte, Lundberg & Oscarsson (1956a, b) and 
Laporte & Lundberg (1956), which became available when this investigation 
was at an advanced stage. Some of our findings have already been reported 
briefly (McIntyre, Mark & Steiner, 1956; Mark & McIntyre, 1956). 


METHODS 


Adult cats were used in all experiments, usually anaesthetized with pentobarbitone 
(Nembutal; Abbott Laboratories) in initial dosage of 40 mg/kg given intraperitoneally. 
Anaesthesia was maintained by intravenous administration of additional pentobarbitone 
as required. In a few experiments the animals were used in the acutely decapitate state 
after initial ether anaesthesia. Laminectomy was performed in order to expose the spinal 
cord from the lumbosacral to the upper thoracic segments; rigid fixation of the vertebra! 
column and pelvis was secured by a series of clamps attached to a heavy base-plate. I» 
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some experiments, electrical activity of the dorsolateral tract was recorded in volume by a 
surface lead, as in @ previous study (Lloyd & McIntyre, 1950); in others, monophasic records 
of the tract discharge were made from a length of the dorsolateral funiculus in continuity 
caudally, but severed rostrally and dissected from the cord for several centimetres. This 
method was suggested by the work of Rudin & Eisenman (1951), and has been used exten- 
sively by Lundberg and his colleagues (Laporte et al. 1956a; Oscarsson, 1956, 1958). Nerves 
or spinal roots pertaining to the ipsilateral hind limb were dissected for recording or stimu- 
lation, and all exposed tissues were covered with warm mineral oil equilibrated with 95% 


' oxygen and 5 % carbon dioxide and retained by skin flaps in the usual way. Body tempera- 


ture was maintained between 36 and 39° C by heating the experimental room and by the 
use of an infra-red lamp and an electrically-heated table. When ‘natural’ stimulation of 
cutaneous or muscle receptors was employed, denervation of most of the hind limb except 
for the chosen receptive fields was usually practised. 

Responses of individual tract neurones were recorded by means of Ling—Gerard type glass 
capillary micropipettes filled with 3 M-KCl, with tip diameters of 0-5 or less. They were 
inserted by means of a rigidly mounted micromanipulator either into an otherwise un- 
disturbed region of the dorsolateral tract usually in the 8th, 9th or 10th thoracic segment, 
or into more caudally situated regions of the grey matter containing the parent cell bodies 
of tract fibres. The usual cathode-follower input stage and standard dual-channel amplifying 
and display equipment were used, as described in other publications from this laboratory 
(Brock, Coombs & Eccles, 1952; Mark & Steiner, 1958; McIntyre, Bradley & Brock, 1959). 
Permanent photographic records were made with a Grass automatic camera. Electrical 
stimulation was effected either by condenser discharges and an isolating 
transformer, or by ‘square-wave’ pulses from a Grass stimulator and a radio-frequency 
stimulus isolation unit. For ‘in-volume’ stimulation of the spinal cord, pairs of fine steel 
needles, insulated except for the tips, were’ employed; otherwise, platinum or silver hook 
electrodes were used for stimulating or recording from peripheral nerves, spinal roots or 
the dissected dorsolateral tract. In some experiments contractions of hind-limb muscles 
were recorded by a strain gauge, the output of which drove one beam of the display unit 
by way of a direct-coupled amplifier. Muscle stretch was applied by a hand-operated rack 
and pinion’ device carrying the strain gauge, and the skin was stWnulated by means of a 
blunt-ended glass rod or a fine probe. 

‘Input’ was monitored either triphasically by a wick lead in contact with the appropriate 
dorsal root fibres at their entry into the spinal cord, together with an indifferent electrode 
placed on nearby muscle, or in the case of cutaneous nerves, diphasically by two electrodes 
located central to the stimulating pair (Mark & Steiner, 1958). Throughout this account, 
the terminology for cutaneous afferent fibres recently adopted by Lloyd (1957) will be used, 
namely, Group II for the band of larger myelinated fibres of about 6 and upwards in 
diameter (alpha and beta in the terminology of Gasser), and Group III for the Sewaauuad 
panei fibres or delta pile (Gasser, 1941). 


RESULTS 
Responses of the whole tract 


Pattern and latency of responses. Figure 1 shows examples of the woheiinds 
evoked in the dorsolateral funiculus upon stimulating primary afferent 
fibres in lumbosacral dorsal roots. The most prominent feature is the 
large monosynaptically generated: initial deflexion, which represents the 
nearly synchronous discharge of many. tract fibres of rapid conduction 
velocity (Lloyd & McIntyre, 1950). The remainder of the response, or 
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after-discharge, is revealed most clearly by the monophasic method 
(C and D); it continues with declining amplitude for at least 10 msec. 

In view of differences in conduction distance to the recording station, 
latency of the initial monosynaptic response varies, of course, from 
preparation to preparation; the range for maximal dorsal root volleys in 
these experiments was 1-7—2-8 msec. In a given preparation little variation 
in latency is observed when maximal volleys are used; however, when the 


Fig. 1. Responses of dorsolateral tract to stimulation of combined L7 and 81 
dorsal roots. A and B recorded by surface lead from the undisturbed tract in the 
9th thoracic segment ; two different preparations. C and D, monophasic records at 
different sweep speeds from the dissected dorsolateral funiculus in another prepara- 
tion, at the 8th thoracic segmental level. A and B retouched. Time marker, msec. 


input volley is reduced in size latency increases and becomes more variable. 
Graphical expression of this finding is presented in Fig. 2, in which the 
ordinate represents latency, and the abscissa, amplitude of the input 
dorsal root volley expressed as percentage of maximum. 

Figure 3 gives examples of responses recorded from the whole dorso- 
lateral funiculus upon stimulation of nerves in the hind limb. The response 
to a muscle afferent volley (A, B, C) is seen to consist of a well synchronized 
deflexion some 2-4 msec in duration, with very little after-discharge. 
Figure 3D demonstrates that a volley in a cutaneous nerve also sets up 
a substantial response in the dorso-lateral tract, in agreement with 
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Fig. 2. Latency of tract response to stimulation of the combined L7 and S81 © 


dorsal roots plotted against size of afferent volley. Ordinate, latency measured 
from the moment at which the afferent volley enters the cord. Abscissa, amplitude 
of dorsal root volley expressed as percentage of maximum. 


Fig. 3. Responses evoked by stimulation of hind-limb nerves and recorded 
monophasically from the ipsilateral dorsolateral funiculus. A and B, response 
recorded at two different sweep speeds to a volley in the combined nerves of triceps 
surae, plantaris: and flexor digitorum longus, stimulus intensity being adequate 
to excite Group II as well as Group I fibres. (, response to similar stimulation of 
triceps surae nerves alone. D, response to stimulation (maximal for Group IT 
fibres) of peroneal cutaneous nerve. Amplification for C and D twice that for 
A and B. Time scale below record D shows 10 msec intervals, and applies only to 
this record, Other time marks show milliseconds, and apply to the tracings above 
them. A and C recorded at the same sweep speed. 
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Laporte et al. (1956a). In comparison with the response to a muscle 
afferent volley, latency is longer, the initial deflexion is smaller and less 
well synchronized, and there is a prominent delayed discharge. It there- 
fore appears that the after-discharge elicited in the tract by a dorsal root 
volley must largely be generated by the action of impulses in primary 
afferent fibres pertaining to cutaneous nerves, and not (or to a much 
smaller extent) by those in afferent fibres serving muscle. The tract 
response evoked by the combined action of a skin and a muscle-nerve volley 
timed to arrive simultaneously at the cord resembles the pattern of dis- 
charge evoked by dorsal root stimulation, and the combined potential 
approaches in magnitude and contour the sum of the tract responses to 
skin and muscle volleys in isolation. Thus excitatory convergence of 
cutaneous and muscle afferent fibres on to common tract units does not 
appear to be a prominent feature of the synaptic mechanisms concerned. 

Although the latency of tract responses to cutaneous nerve stimulation 
is longer than that for a muscle afferent volley, measurement shows 
latency within the cord to be about the same, the additional delay in the 
case of cutaneous nerve volleys being the result of slower peripheral 
conduction velocity. Thus the earliest portion of the tract deflexion to be 
expected if cutaneous fibres could be stimulated in isolation at dorsal root — 
level would appear early enough to contribute to the initial tract spike 
actually set up by a dorsal root volley, and it follows, too, that at least 
some of the cutaneous afferent fibres activating neurones projecting 
rostrally in the dorsolateral funiculus must do so by way of a single 
synaptic relay. 

Upon repetitive stimulation of dorsal roots or hind-limb nerves, many 
tract neurones continue to respond even at fairly high frequencies of pre- 
synaptic drive. Surprisingly little reduction in the amplitude of individual 
tract responses takes place at a stimulation rate of 100/sec or even higher, 
in contrast with the monosynaptic discharge of motoneurones which is 
heavily depressed or abolished at such rates of presynaptic activation. 
However, the tract after-discharge suffers considerable reduction during 
a period of tetanic primary afferent stimulation. 3 | 

Input-output relations. Input-output curves for the triphasically re- 
corded monosynaptic initial tract deflexion in response to a dorsal root 
volley have previously been described (Lloyd & McIntyre, 1950). How- 
ever, it is possible with monophasic recording to assess total tract output, 
including the after-discharge, by measuring area of the response. Figure 4 
presents curves from an experiment in which measurements of discharge 
area (©) as well as amplitude of the initial spike-like deflexion (@) have 
been made from monophasic records of the tract discharge at various 
levels of dorsal root afferent input. Under the conditions of this experi- 
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ment, maximum input represents the summed activity of the Group I 
and Group II fibres in the stimulated dorsal roots (Lloyd, 1943a, 5). 
Both curves rise steeply from their origin in expression of the fact that 
the smallest input volleys evoke measurable responses in the tract. From 
this it can be concluded, in confirmation of earlier studies, that dorsal root 
fibres of the lowest threshold excite some neurones of the tract by way of 
synaptic junctions of high transmitter potency, little or no summation 
being required to secure post-synaptic discharge. The curves stand in 


_ striking contrast with those defining amplitude of monosynaptic ventral 
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Dorsolateral tract output (% of maximum) 
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Fig. 4. Input-output curves relating amount of monophasically-recorded dorso- 
lateral tract discharge to size of causative afferent volley, secured by stimulation — 
of the combined L7 and 81 dorsal roots. Ordinates, tract output expressed as per- 
centage of maximum; abscissa, amplitude of dorsal root volley also expressed as 
percentage of maximum. @, amplitude of initial tract deflexion ; O, area of total tract 
discharge (potential-time integral). Each point the average of 8-12 observations. — 


root reflex discharge in response to various levels of dorsal root input, the 
sigmoid form of which expresses the need for summation in this simplest 
of spinal reflex paths (Lloyd, 1943a). 

With monophasic recording we have foufnd that amplitude of the initial 
spike tends to reach a plateau when the afferent volley attains about 
70-80% of maximum. Total tract discharge, however, continues to grow 
until the input reaches 100 % (Fig. 4, ©). Together these curves show that 
dorsal root fibres of all threshold values represented on the input scale 
(Groups I and II) effect excitatory connexions with neurones projecting 
by way of the dorsolateral funiculus, but that only the larger fibres of 


le 
Ss 
ot 
h 
t 
a] 
3 
100 
of 
° 
2 
n é 
e 
yt, 
st 
e ° 
0 
il 
S 
t 
> 
4 
e 
4 


312 A. K. McINTYRE AND R. F. MARK 


lower threshold are concerned in evoking the early responses which sum 
to form the prominent initial component of the tract discharge. Of these — 
larger fibres, those in the Group I category are clearly of prime importance. 
However, the larger Group II fibres of cutaneous origin must also participate 
in setting up the initial tract deflexion evoked by dorsal root stimulation, 
“in view of their low threshold, and the fact that cutaneous afferent volleys 
can elicit tract responses of similar central latency (Fig. 3D). 

The increase in total response of the tract (curve defined by open circles 
in Fig. 4) through recruitment of the higher-threshold Group II fibres to 
the input must obviously affect only its later portion. Indeed, progressive 
growth in the amount of late discharge can be observed by simple in- 
spection of monophasic records as the input volley is increased above 50 °% 
and. approaches its maximum value. No such growth is usually apparent 
in triphasic records made from the cord surface, an observation which 
suggested to Lloyd & McIntyre (1950) that the Group I band of fibres 
alone is responsible for the delayed as well as for the initial tract discharge. 
This difference may be a result or the tendency towards mutual cancella- 
tion of asynchronous unit potentials recorded in volume. 

Figure 5 plots the input-output relation for the amplitude of the tract 
discharge evoked by muscle afferent volleys in four experiments, the 
abscissa showing size of Group I volley as percentage of maximum. It can 
be seen that the relation is essentially linear, some response of the tract 
being detectable with quite small Group I volleys, and that no plateau 
appears as is the case when a dorsal root provides the input channel. 
Increasing the stimulus strength to include afferent fibres of higher 
threshold does not augment amplitude of the evoked tract spike, but may 
add a small late component to the response. The curve in Fig. 5 thus provides 
confirmation of the conclusion from studies with dorsal root stimulation 
that fibres throughout the Group I range are effective in provoking dis- 
charge of tract neurones by way of synaptic junctions of high transmitting 
power. The curve contrasts with the relationship found when Group I 
input is plotted similarly against monosynaptic ventral root reflex dis- 
charge (Hunt, 1955), an example of which is shown by the onecie age 
line in Fig. 5 

The difference between the curve of Fig. 5 and the upper (amplitude) 
curve of Fig. 4 is presumably related in part to the absence, in the measured 
_ input for the former (Group I action only), of the Group II component 
which accounts for growth of a dorsal root volley from 50 to 100% of 
maximum, and which has little effect on the initial tract discharge. Since 
the Group I component of a dorsal root volley is compressed into the 
region of the abscissa between threshold and about 50% of maximum, 
a hypothetical curve defining growth of the fraction of tract response 


E 
3 
> 
q 
‘ 
4 
+t 
+a 
iy 
‘ 


+ ws 


& 


_ obtained by stimulation of the combined nerves of several muscles. This 


AFFERENT SPINAL SYNAPSES IN CAT 313 


caused by the Group I content of such a volley would obviously rise more 
steeply than is the case in Fig. 5. However, it is likely that discharge of 
tract units linked to the larger Group II fibres contributes towards 
bringing about the steeper ascent of curves showing growth of response 
to dorsal root volleys (Fig. 4), for the tract response to a cutaneous volley 
rises very abruptly with increase of the input above threshold (Fig. 6). 
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Fig. 5. Plotted points show for four experiments the amplitude of dorsolateral 
tract discharge (initial deflexion) expressed as percentage of maximum (ordinate) 
at various levels of Group I muscle afferent input, also expressed as percentage of 
maximum (abscissa). +, output measured triphasically from the undisturbed 
tract in response to input secured by stimulation together of the nerves to triceps 

'surae, plantaris and flexor longus digitorum. @, O, two different preparations 
in which the same combination of muscle nerves provided the input, but output 
was recorded monophasically. A, another experiment with monophasic re- 
cording of output, but with input restricted to nerves supplying triceps surae. Each 
point the average of 10—20 observations. The interrupted curve shows the relation- 
ship obtained in another preparation between amplitude of Group I input and 
monosynaptic reflex discharge in the L7 ventral root upon graded stimulation of the 
combined triceps surae, plantaris and flexor longus digitorum nerves (individual 
points not shown). 


In one of the experiments plotted in Fig. 5, the Group I fibres stimulated 
were those of triceps suraé alone (points shown by triangles), in contrast 
with the other three in which several muscle nerves were stimulated to- 


_ gether. The points from the experiment with input restricted to a single 


synergic group do not appear to be distributed differently from those 


4 
i 
\% 
. 
2 
‘ 
> 
3 


314 A. K. MoINTYRE AND R. F, MARK 


observation, and the absence of a plateau in the curve, together suggest 
that there is not much convergent overlap of Group I afferent fibres from 
different muscles upon common tract neurones. Occlusion stemming from 
such convergence, if extensive, would be expected to find expression in a 
plateau, or at least an upward convexity, of the curve derived from the 
more massive input. Evidence from responses of single units in the tract 
favours the notion that on the whole individual muscles or synergic 
muscle groups are fairly discretely represented in the tract. 
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Fig. 6. Input—output curve for monophasically recorded tract discharge in 
response to graded stimulation of the ipsilateral superficial peroneal nerve. 
@, amplitude of the initial deflexion; O, area (potential-time integral) of whole 
tract discharge, both expressed as percentage of maximum (ordinate), against 
amplitude of afferent volley expressed as percentage of the maximal Group II 
(alpha-beta) spike. Points to the right of the vertical line at 100 % on the abscissa 


show the tract output evoked ™ stimulation strong — to engage Group III 
(delta) fibres. 


Figure 6 shows the input-output relation in an experiment with the 
peroneal cutaneous nerve serving as afferent channel, the tract response 
being recorded monophasically. The input scale represents amplitude of the 

cutaneous Group II volley in percentage of maximum; points to the right 
of the vertical line at 100% show the effect of adding a substantial 
Group III component to the volley. As is the case with dorsal root stimula- 
tion, measurable responses of the tract appear with the smallest detectable 
cutaneous afferent volley, and increase steeply as the latter grow in size. 
The amplitude curve (@) reaches a plateau when the afferent volley is 
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about 70 % of maximum, and no further increase is observed when Group III 
impulses are added to the input. The curve for area, on the other hand, 


(QO), shows after its steep initial portion a more gradual increase which 
continues throughout growth of the input volley to include all Group IT 


fibres ; recruitment of Group III fibres brings about a further increment in 
the total amount of discharge. | | 
The abrupt origin of the curves in Fig. 6 shows that the low-threshold 
dorsal root afferent fibres effecting powerful synaptic linkages with tract 
neurones include many of cutaneous origin in addition to Group I fibres. 
The steeper rise and upward convexity of these curves compared with the 
roughly linear relationship obtained with Group I input (Fig. 5) suggests 
that the manner of synaptic linkage between cutaneous afferent fibres and 
neurones of the tract differs in some respects from the arrangement ob- 
taining for the low-threshold muscle afferents. Shape of the amplitude 
curve in Fig. 6 is consistent with the notion that individual cutaneous 
afferent fibres make excitatory connexions with a considerable number of 
tract neurones, powerful enough with one or a few to cause discharge, 
subliminal in action on the remainder; and that the synaptic scale of 
each tract neurone in this category is composed of endings derived from 
many different primary afferent fibres. Otherwise expressed, both di- 
vergence and convergence are prominent features of the synaptic mechan- 
isms linking cutaneous afferent fibres with tract neurones, in contrast 
with the more discrete arrangement postulated for Group I muscle afferents. 
Such an arrangement could explain the ‘amplification’ indicated by the 
steeply rising portion of the upper curve in Fig. 6, for each additional 
afferent fibre recruited by progressively stronger stimulation would be 
able to fire more neurones than it could acting in isolation, by virtue of 
spatial summation in units of the subliminal fringe created by action of its 
fellow afferent fibres of lower threshold. The plateau is likely to be at least 
in part a result of occlusion. The existence of extensive functional con- 
vergence upon individual tract neurones is directly demonstrated by the 


unit responses to be described subsequently. 


Post-tetanic potentiation. Figure 7 demonstrates that there is a striking 
difference between the degree of post-tetanic potentiation (PTP) detectable 
in a motoneurone pool (Lloyd, 1949) and a population of dorsolateral 
tract neurones. Above (Q) is plotted the amplitude of a monosynaptic 
reflex discharge recorded from the L7 ventral root and elicited at four- 
second intervals by test stimulation (supramaximal for Group I fibres) 
of a group of muscle nerves. Below is plotted (@) the amplitude of the 
initial dorsolateral tract deflexion evoked by the same afferent volley 
and recorded simultaneously on the second oscilloscope beam. The tract 
response undergoes very little potentiation (peak 1-5 times control value) 
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in comparison with the motoneurone discharge which is increased twenty- 
fivefold. This result agrees with the findings of Holmqvist, Lundberg & 
‘Oscarsson (1956), and shows that there is a small subliminal fringe of 
tract neurones even with a maximal Group I volley, in contradiction of 
earlier experiments using the less sensitive ‘in-volume’ recording tech- 
nique, in which no PTP could be detected (McIntyre, 1953). Figure 7 
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Fig. 7. Post-tetanic potentiation of responses to stimulation (supramaximal 
for Group I fibres) of the combined triceps surae, plantaris and flexor longus 
digitorum nerves. Ordinates, size of individual responses in multiples of pre- 
tetanic control amplitude (note different scales). Abscissa, time in minutes after 
cessation of tetanic stimulation for 10 sec at 450/sec, delivery of which is indicated 
by the black rectangle. Individual controls shown to the left of the latter. 
©, monosynaptic reflex discharge in L7 ventral root. @, amplitude of mono- 


phasically recorded dorsolateral tract response recorded simultaneously on the 
second oscilloscope beam. 


demonstrates that the two sets of Group I presynaptic endings undergo 
qualitatively similar post-tetanic changes in transmitter potency, but the 
large discrepancy in magnitude of the effect emphasizes the difference 
between the two synaptic systems. Even less PTP has been seen in re- 
sponses of the tract to maximal cutaneous afferent volleys, indicating that 


the subliminal fringe for the appropriate tract neurones must be very 
small indeed under these test circumstances. 


Responses of single tract units 
Response patterns. With Ling-Gerard micropipettes, responses can be 
recorded from single fibres in the dorsolateral funiculus, from cells of 
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Clarke's column in the upper lumbar segments, or more caudally from 
other cells in the grey matter, the units being identified in each case by 
their short-latency antidromic response to stimulation of the dorsolateral, 
funiculus in the mid or upper thoracic region. Most of our unit responses 
have been recorded from tract fibres, as in the work of Laporte et al. 
(19566), with whose results our own are in general agreement. Figure 8 
shows typical examples of single-tract unit responses to dorsal-root 
stimulation. The most striking characteristic of the responses to single 
afferent volleys is the common occurrence of repetitive firing, in contrast 


Fig. 8. Responses recorded by Ling—Gerard micropipettes of four different fibres 
in the dorsolateral funiculus to stimulation (maximal for Group I and Group II 
fibres) of the combined L7 and 81 dorsal roots. The last spike in record B is set 
up by direct stimulation of the tract several segments above the recording site; 
its short latency shows it to be an antidromically conducted response. Spikes 
retouched in A, C and D. Time marker, msec. 


with the behaviour of motoneurones. Firing frequency was often as high 
as 800/sec and in many units initially exceeded 1000/sec. Such high 
frequencies might suggest injury, but this can be ruled out because no 
high-frequency bursts appeared spontaneously, and such neurones could 
be made to discharge single impulses by reducing the size of afferent volley 
(Figs. 10 and 11) or by antidromic activation (last spike in Fig. 88). 
Furthermore, direct stimulation of such tract neurones by ‘square-wave’ 
current pulses 10-50 msec in duration induced repetitive firing throughout 
the stimulus, initially at high frequency, whereas a brief shock evoked but 
one impulse. 
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Thus there can be no reasonable doubt that the repetitive impulse trains 
are physiological at least in the sense that they can be evoked by way of 
essentially normal pre- and post-synaptic elements, and that they reflect 
some property of the synaptic junctions concerned which is absent from, 
or fails to manifest itself at, the synaptic junctions engaging motoneurones. 
Acceptance of these firing patterns as a normal manifestation of tract 
unit activity is further suggested by the prolonged shower of potentials 
recordable from the whole dorsolateral funiculus (Fig. 1), a ready explana- 
tion for which would be the occurrence of repetitive action in the undis- 
turbed projection system. : 

By summing a series of unit discharge patterns, an approximate syn- 
thesis can be made of the total tract response which can be compared with 
an actual monophasic tract discharge. Figure 9 presents such a comparison 
carried out with the aid of certain simplifying assumptions explained in 


the legend. Peaks of the rectangles indicate contour of the summed 


response of 77 tract units; superimposed on this is a tracing of an actual 
whole-tract discharge recorded monophasically. Despite the relative 
crudity of the synthesis, correspondence between the actual monophasic 
response and the hypothetical discharge is sufficiently close to suggest not 
only that this small sample of 77 units is reasonably representative of the 
population, but also that repetitive firing of individual neurones is indeed 
an adequate explanation for the tract after-discharge. 

Effects of grading volley size on unit responses. Figure 10 presents four 
responses of a tract neurone to a dorsal root volley of increasing amplitude, 
and demonstrates our regular finding with repetitively-firing units of 
reduction in latency and increase in number of discharges with increased 
presynaptic drive. Figure 11 shows graphically for another unit similar 
changes in latency (@) and spike number (A), and it can be seen that these 
two effects are to some extent independent. Reduction in latency with 
augmentation of input is also seen in those units yielding only one impulse 
to a maximal afferent volley. It is obvious that these effects of grading 
the amplitude of afferent input on latency and on the number of post- 
synaptic impulses together demonstrate convergence of action by impulses 
in afferent fibres of different threshold upon individual tract neurones. 

From experiments in which nerves in the hind limb rather than dorsal! 
roots were stimulated it is clear that the majority of tract units responding 
to dorsal root stimulation with more than 2-3 impulses, and all those 
discharging long trains (e.g. Fig. 8B, D), are connected to afferent fibres 
of cutaneous nerves, whereas a large proportion of those with responses 
limited to 1 or 2 impulses are concerned with signals from muscle stretch 
receptors. This is in general agreement with the findings of Laporte et al. 
(19565), and with the results of experiments upon the whole-tract dis- 
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charge (Fig. 3). Our experiments indicate that different muscles or 
synergic groups are fairly discretely represented in the tract, whereas 
widespread convergence takes place on units linked to cutaneous afferent 
fibres. 


Number of units 
3 


Spike number 


Milliseconds 

Fig. 9. Comparison of ‘synthetic tract response’, derived from firing patterns 
of 77 units, with actual monophasic dorsolateral tract discharge in response to 
maximal stimulation of L7 and S81 dorsal roots. Ordinate, number of units 
contributing to size of supposed summed potential at each of 13 intervals after 
onset of the initial spike, the intervals being set by the temporal sequence of 
the 13 impulses discharged by the unit giving the longest repetitive train (upper 
abscissa scale). Time (msec) after onset of first spike or whole tract discharge 
shown below. Stippled rectangles located on abscissa in accordance with the 
sequence of spikes in the unit firing 13 times; height of each is determined by the 
number of impulses appearing in that position were all 77 units to fire simultaneously 
with the same initial latency, and with the temporal sequence of subsequent spikes, 
if any, corresponding to that of the unit giving the longest train. Continuous 
line, tracing of an actual monophasic tract response to dorsal root stimulation 
on same time base and scaled so that its peak corresponds to height of the first 
rectangle. Impulses from different units are assumed to contribute ney to 
recorded potential. 


Unit responses to receptor stimulation. Further subdivision of the tract 
neurones linked with Group I afferent fibres is indicated by their responses 
to stretch of muscles with intact innervation. In agreement with Laporte 
& Lundberg (1956), the majority exhibited spindle behaviour but some 
had the characteristics of tendon organs. Low mechanical threshold and 

‘in-parallel’ behaviour during active muscle contraction (Matthews, 1933) 
together with, in the few instances in which it was tried, acceleration of 
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discharge by the action of succinylcholine or decamethonium (Granit, 
Skoglund & Thesleff, 1953) served to identify spindle-controlled tract 
units (Fig. 12.4); the tendon-organ type of unit was so designated because 
of high mechanical threshold and ‘in-series’ behaviour (Fig. 12.B). In our 
‘experiments no evidence was obtained suggesting convergence of the two 


Fig. 10. Responses of a single unit in the dorsolateral funiculus to four different 
levels of afferent input secured by stimulation of the ipsilateral L7 dorsal root. 
Upper tracings, unit discharge recorded by Ling-—Gerard micropipette; lower 
records, afferent volley recorded by surface lead at its entry into the cord. D, 
volley maximal for Groups I and IT; A, B, C, volley 4.5%, 17% and 42% of 
maximum respectively; spikes retouched. Time marker, msec. 


types of Group I fibre upon common tract neurones (but cf. Lundberg & 
Oscarsson, 1956). We conclude that the dorsolateral tract not only provides 
for discrete representation of synergic muscle groups, but within each 
group separate lines of communication are available for impulses from the 
two types of stretch receptor. 

Tract units fired by electrical stimulation of skin nerves (Fig. 134 
respond also to low-intensity mechanical stimulation of the integument or 
its appendages (Fig. 13B). The receptive fields serving such units have 
varied greatly in extent, some measuring many hundreds of square milli- 
metres, whereas others, especially on the foot or toes, were only a few 
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millimetres across. Bending of hairs, or pressure exerted on the skin, 
were effective in setting up discharge of tract units linked to the area in 
question. The initial burst of impulses in response to natural stimulation 
may be at very high frequency, as is shown in Fig. 13 B, C. Thus it appears 
that the rapid repetitive firing set up by electrically-initiated nerve volleys 
is not entirely unnatural, almost as high rates of firing being evoked by 
receptor-initiated activity, presumably in converging primary afferent 
fibres serving the same skin area. 
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40 60 80 100 
Dorsal root input (% of maximum) 
Fig. 11. Latency of first spike msec; (@ and continuous line, right-hand ordinate 
scale), and number of spikes appearing (A and interrupted line, left-hand ordinate 
scale) are plotted for a dorsolateral tract unit at various levels of afferent input 
evoked by stimulation of the L7 and 81 dorsal roots and expressed as percentage 
of maximum (abscissa). 


Inhibition. In addition to the powerful excitatory effects of afferent 
impulses on neurones of the dorsolateral tract, inhibitory action can also 
be observed, as described by Laporte et al. (19566) and Laporte & Lund- 
berg (1956). Inhibition of tract units with excitatory drive from a given 
muscle may be exerted by Group I impulses from its antagonist, or by 
action in afferent fibres of higher threshold in other deep or superficial 
nerves. Although impulses from different cutaneous nerves converging 
upon a tract neurone commonly exert excitatory effects, inhibitory inter- 
action may also be observed. The experiment with natural stimulation 
illustrated in Fig. 13.D may indicate the significance of such inhibition. 


This unit, fired by stimulation of the superficial peroneal nerve, showed 
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some background discharge and responded to pressure on the lateral toe 
(upper record). It was readily inhibited by light pressure on the neigh- 
bouring toe or the plantar cushion (lower record). Such inhibition appears 
to be of the kind reported for other afferent pathways such as the dorsal 
column system (Mountcastle & Powell, 1959), and could serve to sharpen — 
spatial discriminative ability. 


Fig. 12. Responses of tract units ee, to stretch receptors in triceps surae, the 
afferent innervation of which was intact. A, unit showing muscle spindle behaviour: 
(i) lower record shows unit discharging to sligiit stretch of the muscle (about 15 g) 
and pausing during contraction brought about by a single weak stimulus to the 
peripheral end of the severed §1 ventral root—upper trace is strain gauge record 
of tension developed at the tendo Achillis; (ii) resting discharge of the same unit 
with similar slight tension on the tendon; (iii) the same unit a few minutes after 
intravenous injection of 200 ug of decamethonium bromide, muscle length un- 
changed; alterations in spike size due to slight movement of micro-electrode tip. 
B, records similar to those of A (i), from another unit showing tendon organ 
characteristics: (i) at moderate initial tension; (ii) after increasing tension on the 
tendon to the point of evoking discharge of the unit. Time marker, 100 msec. 


DISCUSSION 


The origin, destination and physiological role of all the elements con- 
tributing to the responses recorded from the dorsolateral funiculus at 
present remains speculative. However, there can be little doubt that at 
least a major fraction of the neurones responding to impulses of muscle 
receptor origin belong to the classical dorsal spinocerebellar or dorsolaterai 
tract of Flechsig, with cell bodies in the column of Clarke and end-stations 
in the cerebellum. Indeed, unit responses in the region of Clarke’s column 
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to antidromic and orthodromic stimulation have been recorded in a few - 
experiments of the present series, and recently by Curtis, Eccles & Lund- 
berg (1958), which confirm this view, though the great susceptibility to 
injury of the cells in this nucleus makes systematic study very difficult. 
The significance of the neurones connected to afferent fibres of cutaneous 


Fig. 13. Responses of units in the dorsolateral funiculus to cutaneous nerve or 
skin receptor stimulation. A (i)-(iv), a series of responses of a unit to stimuli of 
increasing strength applied to the intact peroneal cutaneous nerve; stimulus in (iv) 
strong enough to engage some Group III fibres. Time marker, msec. B, discharge 
of the same unit to light touch in the centre of its receptive field (skin in front of 
ankle joint); arrow in upper record signals onset of stimulation; in lower record, 
arrow shows cessation of stimulus some seconds later. Time marker, 10 msec. 
OC, another unit, showing spontaneous discharge in the absence of stimulation 
(upper record); arrow in lower record shows onset of tactile stimulus to receptive 
field as in B. Time marker, 100 msec. D, another unit showing some spontaneous 
discharge, and responding to pressure on the lateral surface of the 4th digit . 
with a well-maintained discharge (upper record); arrow in the lower record signals 
the onset of tactile stimulation of the plantar cushion, which inhibited the unit’s 
firing. Time marker, 100 msec. _ : 


origin is, however, not yet apparent. The large measure of independence 
of tract neurones fired by muscle and cutaneous receptors respectively 
suggests that each belongs to a separate functional system, and this view 
is reinforced by our failure to record from the region of Clarke’s column 
any of the long repetitive trains of impulses characteristic of skin-controlled 
units, even with maximal stimulation of dorsal roots. However, such 
firing patterns are encountered in the grey matter of segments between the 


level of afferent volley entry and the caudal end of Clarke’s column. Thus 
21-2 
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there is good reason to suppose that many of the tract neurones linked to 
cutaneous afferent fibres do not belong to the dorsal spinocerebellar system. 
Whether they pertain to the spino-olivary tract described by Grundfest & 
Carter (1954), the fast lateral-column system with eventual projection to 
the cerebral cortex (Morin, 1955; Mark & Steiner, 1958), or are simply 
long propriospinal neurones cannot at present be decided with certainty. 
Lundberg & Oscarsson (1959) have recently reported that some dorso- 
lateral tract fibres linked to cutaneous afferents have their cell bodies 
below the level of Clarke’s column and do not project to the cerebellum, 
but according to these authors other skin-controlled fibres do belong to 
the dorsal spinocerebellar system. At any rate, there appears to be 
agreement that fibres with a diversity of function course rostrally in the 
anatomical field of Flechsig’s tract. 

Despite the probable functional non-homogeneity of the various 
neurones contributing to the responses we have studied: in the dorso- | 
lateral funiculus, certain similarities in their behaviour to synaptic activa- 
tion stand out in comparison with the more extensively studied synaptic 
responses of motoneurones. Outstanding amongst the properties common 
to these afferent synapses is the small amount of summation required to 
discharge the post-synaptic neurones as compared with motoneurones, as 
shown by the input-output relationship at low levels of input. Another 
difference (doubtless related to the last) between the synapses of moto- 
neurones and those of the tract neurones is the much smaller subliminal 
fringe detectable in the latter with maximal presynaptic volleys, a difference 
revealed by comparing the curves of post-tetanic potentiation (Fig. 7). 
The remarkable resistance of the afferent synapses to anaesthetic agents 


may be cited as a third characteristic contrasting with the much greater 


susceptibility of motoneurone synapses, and the capacity of post-synaptic 
tract neurones to continue responding during relatively high-frequency 
repetitive presynaptic stimulation constitutes a fourth distinctive property 
not apparent in the responses of motoneurones. 

Although the various tract neurones we have studied are linked with 
primary afferent fibres by synapses which are similarly powerful according 
to the above criteria, nevertheless some differences appear to exist between 
the junctions made by afferent fibres of muscular and those of cutaneous 
origin. The apparently steeper rise and plateau of input-output curves 
for cutaneous nerve volleys as compared with the approximately linear 
relation for muscle afferent input suggests an even closer and more powerfu! 
linkage of the former with the appropriate tract neurones. Though other 
factors are doubtless involved in the genesis of this difference, a similar 
conclusion is indicated by the very small amount of post-tetanic potentia- 
tion detectable in the tract response to a maximal cutaneous nerve volley, 
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and by the prominence of repetitive discharge in the post-synaptic 
unit responses engendered by such afferent input. It appears likely that 
convergence of cutaneous afferent fibres upon common post-synaptic 
neurones is much more extensive than in the case of muscle afferent fibres, 
at least of those in the Group I range. An outstanding impression of our 
experience with tract unit responses elicited by stimulation of muscle 
nerves or stretch receptors is the infrequency with which such units can 
be fired from muscle afferents outside those belonging to a synergic pair 
or group. It seems likely that such muscles or synergic groups on the whole 
enjoy a fairly discrete representation in the tract, so that the projection 
system can convey to higher levels topographically organized information 
concerning the moment-to-moment patterns of posture or movement in 


_ the limb. In view of the remarkable giant synaptic contacts described by 


Szentagothai & Albert (1955) between primary afferent fibres and Clarke’s 
column cells, which presumably are the actual junctions yielding the tract 
discharges evoked by Group I afferent input, it would be of great interest 
to know the morphological characteristics of the junctions between 
cutaneous afferent fibres and the tract neurones which they activate so 


‘powerfully. 


Mechanism of repetitive firing. It is of interest to examine possitle ways 
in which the rapid repetitive discharge of dorsolateral tract neurones may 
be brought about. It has already been pointed out that these repetitively 
firing cells have in all cases responsed with a single impulse when activated 
antidromically (Fig.8B), or by just supra-threshold synaptic drive 
(Fig. 10A). These findings not only help to exclude injury as a factor in 
the genesis of multiple firing, but demonstrate conclusively that the 
mechanism responsible is not inherent in the post-synaptic cells themselves 
nor dependent upon se!f re-excitation by neurone chains driven by 
recurrent collaterals (Bishop, Jeremy & McLeod, 1953). In short, the 


- observations demonstrate that the mechanisms responsible for repetitive 


firing are presynaptically located. Similar conclusions have been reached 
for repetitively-firing spinal internuncials by Hunt & Kuno (1959) and. 
by Wall (1959). However, it is not easy to decide just what presynaptic 
machinery is responsible, for several factors could operate to prolong 
synaptic action. Simple dispersion of presynaptic impulses through 
differences in conduction velocity could lead to a relatively prolonged 
bombardment of second-order neurones, even with single-shock stimula- 
tion, and this almost certainly contributes to prolongation of action, 
especially with a volley set up in Group II or III fibres at some distance 


. from the cord. However, with stimulation of dorsal roots near the cord 


this dispersion would be very much less, yet repetitive firing is very 
striking with afferent volleys set up in this way. Furthermore, we have 
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found that repetitive firing can be evoked by stimulation of primary 
afferent fibres in the dorsal column, and it does not seem possible to find 
a locus for such stimulation at which the repetitive firing is effectively 
reduced, though for a given tract unit such stimulation should, when 
near the site of synaptic relay, achieve minimal presynaptic dispersion. 
Thus, while admitting that simple dispersion may play a part in prolonging 
presynaptic action, especially when the afferent volley is set up in nerves 
of the limb, it does not seem possible to explain it fully in this way. The 
‘dorsal column relay’ of Hursh (1940) is another possible mechanism 
which could prolong presynaptic action at these afferent synapses; how- 
ever, with the spinal cord at. 38-39° C Hursh’s phenomenon is greatly 


reduced, yet repetitive firing is just as prominent as it is at lower cord 


temperatures. 

The most likely possibilities are either repetitive presynaptic bombard- 
ment through delay-paths provided by presynaptic systems of inter- 
nuncial chains (Lorente de N6, 1938) or prolonged transmitter action by 
impulses in individual presynaptic terminals. The latter hypothesis could 
involve a prolongation of electrical action in the ultimate presynaptic 
ramifications (Lloyd & McIntyre, 1949), with consequent maintenance 
of transmitter action for considerably longer than the duration of an 
impulse in the parent axon, presumably by sustained delivery of a chemical 
agent; or the enduring transmitter action could be the result of glial or 
other juxta-synaptic barriers maintaining effective concentrations of 
chemical transmitter agent after its initial release over a relatively short 
time course. Evidence to hand does not permit proof or refutation of 
either of these suggestions, nor of the occurrence of repetitive bombard- 
ment via internuncial chains. However, the similar and very striking 
repetitive firing of Renshaw cells (Renshaw, 1946; Eccles, Fatt & Koketsu, 
1954; McIntyre e¢ al. 1956) in response to single antidromic volleys in 
motoneurones, a situation in which it seems unlikely that impulse- 
eirculation in internuncial chains could play a part, inclines us to favour 
the view that prolonged transmitter action is an important part of the 
mechanism leading to multiple firing at afferent synapses. This hypothesis, 
and the postulate of repetitive bombardment through internuncial action, 
are by no means mutually exclusive; indeed, there is good reason to suppose 
that the latter mechanism, together with dispersion of primary afferent 
impulses (especially when conduction distance is long) also play a part in 
prolonging the synaptic drive. Hunt & Kuno (1959), for example, present 
evidence favouring the occurrence of a prolonged barrage of impulses 
upon repetitively-firing internuncials, which in many respects behave like 
the afferent neurones studied in this investigation. It seems likely to us 
that the later spikes of our repetitive trains may depend largely upon the 
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delayed arrival of presynaptic impulses, but that the initial burst of high- 
frequency post-synaptic discharge is more probably brought about mainly 
by prolonged intense transmitter action initiated by relatively synchronous 
impulses in many converging afferent terminals. Interjection of a directly- 
evoked (Wall, 1959; Hunt & Kuno, 1959), or an antidromic impulse into 
a synaptically-elicited train does not lead to ‘resetting’ of the rhythm, 
and this has been cited as evidence supporting the internuncial chain 
hypothesis (Wall, 1959). However, in the case of the repetitive trains 
studied by us, failure of an antidromic impulse to upset the spike rhythm 
only demonstrates the presynaptic locus, but not the nature, of the driving 


mechanism. Antidromic stimulation of our tract neurones, such as the 


one giving the responses of Fig. 8B, does not reset the rhythm, but firing 
rate is so high that the temporal sequence of impulses in the early part 
of the train is determined solely by recovery from refractoriness. 

It is of interest that we have been able to elicit similar trains of impulses 
in tract neurones by direct stimulation with square-wave current pulses; 
in other words, these neurones show very little accommodation. The 
observation is consistent with the view that prolonged depolarization of 
post-synaptic cells by the sustained transmitter action postulated above 
could be the immediate agent for generating repetitive discharge, much 
in the manner shown for crustacean stretch receptor neurones by Eyza- 
guirre & Kuffler (1955). Apart from the presynaptic mechanisms, the 
ability to discharge at high frequencies shown by central neurones such 
as the one yielding the responses in Fig.13 A, B, or the internuncials studied 
by Haapanen, Kolmodin & Skoglund (1958), Wall (1959) and Hunt & 
Kuno (1959), provides another striking contrast with motoneurones, which 
seldom if ever respond in this way. The difference is probably due to the 
presence of a prolonged phase of subnormality in the latter which greatly 
limits their capacity to fire repetitively at high rates. This post-activation 
subnormality is associated with a well developed after-hyperpolarization, 
which is absent from internuncials (Hunt & Kuno, 1959), and probably 
from fusimotor neurones (Hunt & Paintal, 1958) which latter also tend to 
fire repetitively. One interpretation of the difference could be that 
repetitively-firing neurones do not exhibit post-activation hyperpolariza- 
tion and associated subnormality because the impulses, initiated in or 
near the initial portion of the axon, do not invade the dendritic processes, 
the most likely site of the prolonged recovery processes in motoneurones 
which are so invaded (Lloyd, 1951). 

The physiological significance of repetitive firing by neurones of the 
dorsolateral funiculus remains at present a matter for speculation. 
However, its common occurrence in second or third-order neurones of 
other afferent systems (e.g. Amassian, 1953; Bishop et al. 1953; Rose & 
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Mountcastle, 1954), and in spinal internuncials, cortical and reticular 
neurones (Amassian, 1953; Amassian & de Vito, 1954; Hunt & Kuno, 1959) 
suggests that the phenomenon may be of considerable importance in 
central nervous function, for example, through temporal expansion and 
hence intensification of post-synaptic action, or by synaptic transformation 
of spatial into temporal patterns of signals. The occurrence of repetitive 
action at so many central synapses, and the contrasting behaviour of 
motoneurones, suggest that the latter may represent an exceptional case, 
in keeping with the unique function of final-common-pathway cells. 


SUMMARY 


1. Responses of neurones projecting rostrally in the field of Flechsig’s 
tract have been set up by stimulating primary afferent fibres or receptors 
pertaining to the ipsilateral hind limb, and recorded singly or en masse. 

2. In the whole-tract response to dorsal root stimulation the initial 
spike-like component is monosynaptically evoked by impulses in Group I 
and low-threshold Group II fibres, and the after-discharge results largely 
from action in the smaller myelinated afferent fibres, especially those of 
cutaneous nerves. 

3. Input—output curves demonstrate that the synaptic linkages be- 
tween tract neurones and afferent fibres both of skin and muscle origin 
are powerful, little or no summation being required to secure post-synaptic 
discharge. Little post-tetanic potentiation is evident at these junctions, and 
transmission is well maintained during repetitive presynaptic stimulation. 

4. Unit recording shows that a large proportion of tract neurones fire 
more than once in response to a single afferent volley, those fired by 
cutaneous impulses yielding the longest repetitive trains. Correspondence 


between an actual whole-tract response and a synthetic tract discharge 


constructed from unit firing patterns indicates that this repetitive firing 
accounts for the after-discharge. 

5. Most of the tract neurones responding to cutaneous nerve volleys 
or stimulation of skin receptors are distinct from. those fired by muscle 
afferent volleys; of the latter units, most are linked with muscle spindles 
but some with tendon organs. Synergic muscle groups appear to be fairly 
discretely represented in the tract. 

6. In addition to the powerful excitatory synaptic effects, inhibitory 


actions also take place at the junctional mechanisms serving neurones of 


the dorsolateral tract. 
7. The mechanism and significance of the repetitive firing phenomenon 
are discussed. 
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OF THE CAT 
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The dorsal column nuclei (nucleus cuneatus and nucleus gracilis), 
receiving many primary afferent fibres from the dorsal columns and sending 
many secondary fibres into the medial lemniscus, might be expected to be 
interesting in that they could contribute to the central analysis of sensory 
information. These nuclei appear to have a high factor of safety in trans- 


mission, as judged by the work of Therman (1941), who studied their 


function as ‘relays’. More recently, it has been suggested that they con- 


tain paths that are not purely monosynaptic and that their organization 


is therefore more complex than that of simple relays; and limited spatial 


- facilitation and inhibition of single neurones have been described (Amassian 


& de Vito, 1957). ; 

We have approached this problem from the point of view of the way or 
ways in which impulses set up by combinations of tactile stimuli are handled 
by these nuclei, bearing in mind that such phenomena as mutual spatial 
inhibition have been seen in other primary sensory nuclei—in the visual 
and auditory pathways, for instance—and are likely to be relevant in 
sensory discrimination. We have therefore been concerned particularly 
with the cutaneous receptive areas of the cells and with spatial interactions, 
whether facilitatory or inhibitory, upon these cells. We have largely con- 
fined ourselves to those cells in nucleus gracilis which responded to tactile 
stimulation of the hind foot. A preliminary communication on this subject 
has already been made (Gordon & Paine, 1959). 


METHODS 


Preparation and fication of animals. Cats were-usedfor all the experiments. The great 
majority were anaesthetized with sodium pentobarbitone, the initial dose given intra- 
peritoneally (38 mg/kg) and subsequent small doses of about 10 mg given by intravenous 
cannula, Anaesthesia was maintained at a level sufficient to prevent any spontaneous 
movement of the animal or movement in response to stimulation. A few animals were 
decerebrated under ether by blunt section at intercollicular level; and at some stage after 
recovery from the anaesthetic it was always necessary to prevent movement in these 
animals, e.g. by giving 1 mg doses of decamethonium iodide intravenously, respiration 
being maintained with a pump. 
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Access to the dorsal-column nuclei was obtained by removing the arch of the atlas 
vertebra and the upper half of that of the axis and some of the skull overlying the posterior 
part of the cerebellum. It was also necessary to remove that part of the cerebellum 
which overlies the upper part of nucleus gracilis (Pl. 1). This was done by suction, and 
bleeding was controlled with gelatin sponge. 

In about half the experiments cutaneous nerves in the hind limb were prepared for 
electrical stimulation and recording. Two nerve branches were used in each of these experi- 
ments, usually branches of the saphenous nerve or of the medial plantar nerve. No more 
of each nerve was dissected than was required for the application of the electrodes. The 
nerves were afterwards protected by immersion in light liquid paraffin at 37—39° C. 

The head was clamped in an animal-holding frame, which has been described previously 
(Gaze & Gordon, 1954), with the internal auditory meatus and the hard palate as fixation 
points. The neck was held as rigidly as possible by a clamp applied to the sides of one of 
the lower cervical vertebrae. 

In experiments involving electrical stimulation of the saphenous nerve, the hind limb 
was held by clamps applied to the knee and ankle. When plantar nerves were used, a drill 
driven through the calcaneum was clamped to a Perspex plate to which the skin edges were 
also tied. | 

The animal was kept warm by a 150 W infra-red heating lamp. at 

Recording from nucleus gracilis. Micropipettes, filled with 3 m-KCl, and with a resistance 
at 50 c/s of 1-5-5 MQ, were used for recording from single neural units. The micropipette 
was connected to one grid of a DC push-pull cathode-follower mounted on the manipulator 
of the animal stand. A silver indifferent electrode was placed in the neck muscles and con- 
nected to the other grid of the input circuit, which was earthed. Output signals from the 
cathode-follower were amplified and displayed on an oscilloscope, low frequencies being 
attenuated by RC coupling. The over-all frequency band width (to 3 db. down) was 80 c/s 
to 10 ke/s, with a 5 MQ electrode. 

Vertical movement of the micropipette was controlled by an oil-filled micromanipulator, 
and insertion was observed under a binocular microscope. The toughness of the pia-arachnoid, 
particularly over the lower part of nucleus gracilis, often made it necessary to tear away 
small parts of this membrane with watchmakers’ forceps in order to allow the electrode 
to penetrate without breakage or indentation. The area of brain and spinal cord exposed ~ 
had the appearance shown in Pl. 1. The shallow groove seen on either side of the mid line 
was shown by repeated exploration to correspond to the lateral border of nucleus gracilis 
in its upper part and of funiculus gracilis more caudally. Above the obex the nucleus bends 
laterally and continues for some 2-3 mm along the caudal and dorsal lip of the fourth 
ventricle. The surface of this nucleus is covered by blood vessels of very variable distribution, 
many of them large; and it should be emphasized that the pattern of vessels in any particular 
animal largely determined which parts of the nucleus were available for exploration (see 
¥1, 3). 

By far the greatest difficulty in these experiments was caused by vascular and respiratory 
pulsation in the spinal cord, which often made it impossible to obtain stable records from 
single cells. No reliable method was found for overcoming this pulsation, but matters were 
always improved by introducing the electrode through an opening in a shaped Perspex 
plate pressing lightly on the surface of the cord; and this method was used in about a third 

of the experiments. In a few particularly difficult cases an increase in the depth of anaes- 
thesia was used as a last resort. 

Orthodromic stimulation. In experiments involving the stimulation of cutaneous nerves 
a pair of silver hooks (2 mm separation) was placed on each nerve branch. Each pair was 
coupled by a 1:1 isolating transformer to the output of a square-pulse stimulator (Kay, 
Phillips & Teal, 1958). The pulses used were of 60 psec duration. A pair of recording 
electrodes placed proximally, either on the parent nerve or on each of the branches, acted 
as a check on the effectiveness of the stimuli and of the absence of repetitive responses. 


i 
i? 
bi 
ix 


NUCLEUS GRACILIS OF CAT 333 


In other experiments the skin was stimulated by means of electro-mechanical transducers 
(‘Advance’ V1 moving-coil Vibration Generator). Each of these was driven by a separate 
power amplifier, triggered by square pulses of 4 msec duration from the stimulators mentioned _ 
above, and they were entirely independent in their action. The maximum excursion was 
about 2 mm, and the driving power was sufficient to keep the excursion the same irrespective 
of any load likely to be applied in skin stimulation. The wave form so produced was complex, 
containing two substantial waves each of 10 msec duration, the first larger than the second 
in the ratio of 3:1, and separated in time by 23 msec. Although not entirely satisfactory, 
this system will give only one effective stimulus for each electrical pulse when operated near 
threshold. Insulated rods attached to these transducers were applied to the skin surface 
or to cutaneous hairs. 

Antidromic stimulation, A few preliminary attempts were made to activate cells in nucleus 
gracilis antidromically by applying stimuli to the region of the medial lemniscus at the 
caudal end of the thalamus. A manipulator aligned on Horsley—Clarke co-ordinates was 
used to drive a recording electrode (a steel needle insulated up to its tip) into the appropriate 
region. This electrode was finally fixed in a position from which the most satisfactory response 
to cutaneous stimulation of the hind limb was obtained. In frontal plane 5 this usually lay 
5-6 mm lateral to the mid line. A pair of stimulating electrodes (steel needles insulated up 
to 1 mm from the tip) was then placed in position, one each side of the recording electrode, 
by sliding them into pre-set guides. The final position of the stimulating electrodes was such 
that they were about 1-5-2 mm apart with their tips about 0-5 mm deeper than that of the 
recording electrode. The guides were arranged so that the medial stimulating electrode 
(cathode) was slightly posterior and the lateral electrode (anode) correspondingly anterior 
to the recording electrode. The positions of the electrodes were afterwards determined 
histologically, by the method previously described (Gaze & Gordon, 1954). 

Measurement and notation. In defining the position of any response in the rostro-caudal 
dimension of nucleus gracilis, the rostral end of the nucleus is taken as zero and the position 
given in mm caudal to this (Pl. 1). On this scale the obex position is about 2-2 mm, and is 
the point of reference from which many such positions were determined during experiments. 
In making these measurements no account was taken of the lateral curvature of the upper 
part of the nucleus. This curvature is exaggerated in Pl. 1 by the camera: the upper part 
usually makes an angle of 35-40° with the mid line. 

The sizes of cutaneous receptive fields for single cells in nucleus gracilis are expressed 
here in cem*. Such figures are approximate, and are based on a simple system of anatomical 
classification used during the actual experiments. 


RESULTS 
Nature of responses 

Neural units responding to light mechanical stimulation of skin or hairs 
greatly outnumbered other types of unit in nucleus gracilis, those re- 
sponding to stimulation of deep tissues such as joints forming some 10% 
of the units observed. The cutaneous units formed a fairly homogeneous 
group, in the sense that many of them were spontaneously active, that 
they responded repetitively to single stimuli applied to nerves or to 
mechanical stimuli applied to the skin, and that these responses, recorded 
extracellularly, were made up of spikes which were either almost purely 
negative or negative with a preceding positive phase. The recorded size of 
the spikes lay between 0-2 and 2mV. Prolonged high-frequency injury 
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discharges were regularly found, and were associated with lack of further 
responses from the unit in question. Responses showing these features 
are typical of cellular regions; we consider that they were likely to have 
been recorded from cells rather than fibres, and we propose to refer to the 
responding units as cells in the course of this paper. Exploration of the 
dorsal column at C4—-C5, a region known to be cell-free, gave a very 
contrasting picture, in which spontaneous activity was absent, extra- 
cellularly recorded spikes very small (0-2—0-3 mV max.) and predominantly 
positive, and injury discharges either very brief or absent. 

The number of responding cells was not uniform throughout the longi- 
tudinal axis of the nucleus, responses of ‘cellular’ type becoming increasingly 
scarce towards the caudal part (caudal to 10, in the scale in Pl. 1). This 
agrees with the decrease of cell density seen in histological sections, where 
scattered cells are observed down to the second cervical segment. In the 
upper part of the nucleus responding cells were again scarce, though this 
seemed likely to depend in part on factors other than cell density. These 
factors, which may include the amount of anaesthetic given and the 
adequacy of blood supply, were not very carefully investigated ; but it was 
quite a common experience to find that the activity in the nucleus, in its 
upper part particularly, deteriorated after the experiment had gone on for 
some hours. It was also found that whereas most ceiis responded precisely 
and repeatably to skin stimulation after the manner of cutaneous nerve 
fibres, some cells in the upper part responded less consistently to such 
stimulation, particularly to stimuli repeated at short intervals. 

Anatomical evidence has established an orderly segmental arrangement 
in the transverse axis of the dorsal column and dorsal-column nuclei, 
with the most caudal segments projecting dorsomedially (see Glees, 
Livingston & Soler, 1951). We have not precisely investigated this question, 
but our observations are completely consistent with previous work. It is 
also consistent with the above evidence that responses from increasingly 
proximal segments were often recorded with increasing depth of penetra- 
tion. We have always recorded the depth from the surface at which each 
response was obtained, though such measurements were of variable 
accuracy according to the presence and amount of any indentation of the 
pia by the electrode. In cases where no indentation occurred we have 


recorded at depths well within the anatomical confines of the nucleus. 


Receptive areas 
The receptive areas of cells responding to tactile stimulation of the hind 
foot below the ankle were found to vary very widely, by a factor of 1000 
or more. The smallest receptive area was less than 0-5 cm? on a pad or area | 


‘3 satisfied ourselves that all cutaneous responses from the hind limb were 
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of hairy skin, and the largest consistently found included the whole of the 
ipsilateral hind limb and the lower half of the ipsilateral trunk. One cell 
was found whose receptive area included the skin of the whole body and 
all four limbs, but not the face. This cell was situated very near the surface 
within 1 mm of the rostral end of the nucleus; and it was found that cells 


with very large receptive areas tended to be concentrated in this region. 


For example, the receptive areas of 34°, of cells in the most rostral 4 mm 
of the nucleus extended beyond the foot on to the leg, and of 16% on to 
the trunk (115 cells in all). It should be pointed out that these large 
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| mm in rostro-caudal axis 

Text-fig. 1. Mean cutaneous receptive areas (A) of single cells responding to 
stimulation of the hind foot, plotted in relation to positions in the rostro-caudal 
axis of nucleus gracilis from which their responses were recorded. Measurements 
of A were approximate: they are shown on a logarithmic ordinate scale, with the 
s.x. in log A indicated by vertical bars. Horizontal bars represent length of 
section of nucleus yielding the responses from which each mean figure was calcu- 
lated. Means derived from the numbers of units shown. 


| receptive areas are far greater than those of cutaneous nerve fibres from 


the foot, even of the ‘wide-receptive’ fibres described by Maruhashi, 
Mizuguchi & Tasaki (1952). The cells with the most restricted areas tended 
to be concentrated in a region 5-7 mm caudal to the rostral end, where 
35% of receptive areas were confined to 1 cm? or less on the hind foot, 
and only 4% extended outside the foot (104 cells in all). This relation of ~ 
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receptive area to position of the cell in the rostro-caudal axis of the nucleus 
is expressed graphically in Text-fig. 1. (Our original data on this point 
(Gordon & Paine, 1959) have been expanded here by including further 
cells investigated with Mr W. A. Seed, to whom we express our indebted- 
ness.) It will be seen that in the caudal part of the nucleus the areas were 
again somewhat larger, although never comparable with the largest seen 
at the rostral end. 

These changes in receptive area with rostro-caudal position were not 
peculiar to those cells with distal receptive areas including the hind foot. 
In a population of thirty cells whose receptive areas were centred in the 
leg or thigh and did not include the foot, sampled fairly uniformly through- 
out the upper 12 mm of the nucleus, the same relationship was found to 
apply. The mean figures for receptive areas were all somewhat greater 
than for cells whose receptive areas included the hind foot. 

In one experiment in which responses of normal type were recorded from 
nucleus gracilis, five electrode tracks, widely spaced in the rostro-caudal 
axis, were made in nucleus cuneatus. The results, although too few in 
number to lead by themselves to a valid conclusion, were entirely con- 
sistent with what has been said above about the receptive areas in nucleus 
gracilis; and it may therefore be suggested that nucleus cuneatus has a 


‘similar organization in this respect. 


Spatial interaction 

Spatial interaction of two afferent paths on single cells of nucleus gracilis 
was studied by using pairs of stimuli applied either as electrical stimuli 
to different cutaneous nerve branches, or as mechanical stimuli to different 
areas of skin. The use of electrical stimuli to nerve branches had the ad- 
vantages of providing, better controlled stimuli, precise timing of the 
stimulus and complete freedom from physical interaction between stimuli 
as a possible source of error. One disadvantage of electrical stimulation 
is that one is limited to an examination of cells whose receptive areas lie 
within the distribution of the particular branches chosen for dissection, 
and that the number of observations is therefore likely to be small. Another 
important fact about this method is that the receptive area of any par- 
ticular cell is very unlikely to lie entirely within the peripheral distributicn 
of one of the selected branches and not at all within that of the other, 
unless the branches are remote enough from each other to minimize the 
overlap in their skin fields. It follows that this may provide a satisfactory 
method of examining spatial facilitation within a receptive field and its 
immediate surroundings. But if it is the case that a cell is inhibited by 
stimuli applied just outside its receptive area, then it is always likely that 
a stimulus applied to either nerve branch will produce a mixture of 
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facilitation and inhibition whose exact proportions depend on the actual 
position of the receptive area within the joint distribution of the two 
branches, This difficulty can be largely overcome by the use of mechanical 
stimuli applied in known relation to the cutaneous receptive area; and 
this second method has in fact proved to be more useful in examining 
inhibitory interaction. Most of the observations described in this section 
were made on anaesthetized animals; but the experiments involving 
stimulation of nerve branches were repeated on decerebrate animals, 
with substantially the same results. | 
Spatial facihtation. Spatial facilitation was observed in the great majority 
of cases where the stimuli were applied to two nerve branches each con- 
tributing to the receptive area. In a group of 41 cells showing this effect 
and sampled fairly uniformly throughout the length of the nucleus, the 
receptive areas, all lying wholly or partially on the hind foot, ranged from 


‘1 to 500cm?. Facilitation was also seen on two occasions where the re- 


ceptive area was confined to the distribution of one branch, and the cell 
did not respond to stimulation of the other branch alone: the receptive 
areas of these two cells were each about 20 cm?. The time course of facilita- 
tion was not investigated: usually a stimulus just above threshold was 
applied to each nerve branch in turn, and then the same stimuli were 
applied synchronously to both. Facilitation was recognized by an increase 
in the probablity of a response occurring, by shortening of latency, by 
an increase in the number of spikes fired in response to each stimulus or by 
a combination of these effects (see Text-fig. 2). It was clear that in almost 
all cells latency of response shortened with increasing spatial facilitation, 
and often to a very marked degree. It will be seen from Text-fig. 2, for 
instance, that the latencies for stimulation of each branch alone at threshold 
were 23 and 30 msec, whereas the latency with both stimuli together was 
15 msec. Shortening of latency of a similar order was frequently seen when 
a stimulus to one nerve branch was increased from threshold to maximal ; 
and as there was no repetitive response in the nerve, it is clear that this 
effect also depended on spatial facilitation—that is, on an increase in the 
number of active fibres. In such cases we have found the latency to shorten 
by 5-15 msec (35-100 % of the minimal latency). We have no evidence 
that this shortening of latency ever depended on the excitation of the 


_ § fibre group in the nerve branch and on most occasions the record from 


the nerve itself proximal to the stimulating electrodes was satisfactory 
enough to show that no such excitation had occurred, even with stimuli 
maximal for the cells in question. Changes in latency of this order in a 
primary nucleus call for some further comment (see Discussion). 

Mixed facilitatory and inhibitory effects on a single cell have been found 


on a number of occasions when a nerve was stimulated electrically. In 
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one clear instance weak single shocks given to a nerve branch supplying 

the receptive area (the centre pad of the foot) and its surroundings caused 
excitation, whereas strong shocks produced no response. Such effects are 
to be expected from the argument given earlier in this section. 

Spatial inhibition. In the course of experiments in which pairs of nerve 
branches were stimulated electrically, there were a number of instances 
in which a cell was fired by a test stimulus applied to one nerve and in 
which this response was reduced or abolished by a preceding conditioning 


50 msec 


Text-fig. 2. Responses of a cell in nucleus gracilis (7-8 mm on A-P scale) to 
threshold electrical stimulation of two branches of the medial plantar nerve ; sodium 
pentobarbitone anaesthesia, Each branch contributed to its skin receptive area - 
(shaded in diagram, light touch), and spatial facilitation occurred when the two 
were synchronously stimulated. Each vertical column shows 10 successive sweeps at 
1/sec.'The electrodes R were used for monitoring the nerve action potential. 
(a) S, alone; response in 5/10 sweeps; mean latency 30 msec. (b) S, alone; 
response in 9/10 sweeps; mean latency 23 msec. (c) S, and S, synchronously; 
response in 10/10 sweeps; mean latency 15 msec. | 


stimulus to the other nerve (Text-fig. 3). Reduction of response in such 
- cases was shown by a fall in the probability of a response, a smaller number 
of spikes, a lengthening of latency of response, or by combinations of these 
effects. The inherent limitations of this particular technique made it 
impossible to determine the form or distribution of skin stimulus necessary 
to elicit these inhibitory effects. No satisfactory series of observations was 
made on the time course of the inhibitory process, because recording 
conditions in these experiments were rarely stable enough to allow pro- 
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longed observation; but it was always our practice to determine roughly 
the interval by which the conditioning stimulus should precede the test 
stimulus to produce the greatest inhibition. With 10 such cells, with re- 
ceptive areas in the lower leg or foot, this optimal interval varied between 
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Text-fig. 3. Responses of a cell in nucleus gracilis (6-7 mm on A-P scale) to threshold 
stimulation of a branch of the medial plantar nerve, showing inhibition by a 
conditioning stimulus applied to a branch of the lateral plantar nerve; sodium 
pentobarbitone anaesthesia, Its spontaneous discharge could be inhibited by 
light touch of ipsilateral leg, trunk or forelimb. The skin receptive area of this cell 
is shown shaded in the accompanying diagram (light touch). Each vertical 
column shows 10 successive sweeps at 1/sec. R, and R, were used for monitoring 
the nerve action potentials. (a) Tést stimulus (S,) only; response in 9/10 sweeps; 
} mean latency 13:3 msec. (b) Conditioning stimulus (S,) precedes S, by 3 msec; 
response in 1/10 sweeps; latency 17:0 msec. (c) S, only: a control repetition of (a) 
made immediately after (b); response in 8/10 sweeps; mean latency 13-5 msec. 
22-2 
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zero and 15 msec, with a mean at 7:4 msec. No inhibitory effect was ever 
observed with the conditioning stimulus delivered later than the test 
stimulus. 

During the above experiments it was quite commonly found that cells 
which were spontaneously active could be inhibited by tactile stimuli 
applied outside their receptive areas, inhibition being seen as a temporary 
abolition of the spontaneous discharge; and it became clear that this 
inhibitory effect was very much more common than the experiments with 
nerve stimuli had suggested. In some cases it was clear that inhibition 
of spontaneous discharge was most effective with tactile stimuliimmediately 
surrounding the receptive area and progressively less effective with 
stimuli further away up the leg. In other cases the inhibition could be 
produced with almost equal effectiveness by stimuli in widely separated 
parts of the ipsilateral surface of the body even including the forelimb. 

This effect was investigated further by using pairs of mechanical 
stimulators (see Methods), one placed on the receptive area and the other 
on skin or hairs outside this area. This technique allowed a rough estimate 
to be made of the optimal time interval between conditioning and test 
stimuli, allowed investigation of cells which were not spontaneously active, 
and had certain advantages already mentioned in examining inhibitory 
interaction. Of nine cells satisfactorily investigated in this way, in which 
partial or complete inhibition was demonstrated, the optimal time interval, 
estimated roughly as before, lay between 0-5 and 20-5 msec with a mean 
at 10-4 msee. The conditioning stimulus always preceded the test 
stimulus. An example is shown in Text-fig. 4. 

In six of these cases the test stimulus was applied to hairs only, and in 
the remaining three to a pad. In eight cases the conditioning stimulus 
was applied to a pad 1-2 cm away from the test stimulus, and in one case 
to one of the toes. The test and conditioning stimuli were just above 
threshold for their respective effects, and no stimulus applied to the skin 
was 80 large as to produce visible movements of any part of the foot. The 
stimulus amplitudes were of the order of 0-1 mm or less. It was hoped 
by spatial separation of the stimuli and by minimizing movement to 
avoid any artifact resulting from movement transmitted from one site of 
stimulation to the other. 

Relation of inhibition to receptive area and to position in nucleus. Altogether 
31 cells were investigated whose receptive areas lay wholly or partially on 


the hind foet, and in which inhibition was demonstrated by one or other — 


of the techniques described above. Of these, 16 were found by inhibition 
of spontaneous discharge alone, six by nerve stimulation and nine by the 
use of mechanical stimulators; and. some in the two latter groups also 
showed inhibition of spontaneous discharge. This total figure derives largely 
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from experiments particularly designed to investigate inhibition, andshould 
not be compared with the total number of cells investigated which can 
be derived from Text-fig. 6(b). 


Text-fig. 4. Responses of a cell in nucleus gracilis (48mm on A-P scale) to 
threshold mechanical stimuli on its receptive area (shaded in the accompanying 
diagram), showing inhibition of response by conditioning mechanical stimuli 
applied to another pad; sodium pentobarbitone anaesthesia. Each vertical column 
shows 10 successive sweeps at 1/sec; spikes retouched. (a) Test stimulus (S,) 
only. (b) Conditioning stimulus (S,) precedes S, by 20 msec; note abolition of 
response, and also absence of spontaneous activity between 10 and 90 msec after 
S,. (c) S, only; a control repetition of (a) immediately after (0). 
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These cells showing inhibitory effects were distributed in the rostro- 
caudal axis of nucleus gracilis in the way shown in Text-fig. 5. It will be 
seen that the greatest number was found in the fifth millimetre caudal to 
the rostral border of the nucleus, and that they were mainly distributed 
at and caudal to this point. This distribution corresponds reasonably well 


No. of cells 


5. 10 15 


mm in rostro-caudal axis 


Text-fig. 5. Histogram showing numbers of cells which were inhibited by stimula- 
tion of skin or cutaneous nerves, related to their position in the rostro-caudal 
axis of nucleus gracilis. Position in 1 mm limits: zero on abscissa represents rostral 
border of nucleus. Receptive area of all cells lay wholly or partially on the hind 
foot. Black areas represent cells in which complete inhibition was observed. 


with the trough in the graph of Text-fig. 1, which represents the region 
of the nucleus containing cells with the smallest receptive areas. This 


suggested relationship is further substantiated by Text-fig. 6(a), which 


shows the same group of cells related to the size of their excitatory cutaneous 
receptive fields. It will be seen here that they were fairly rigidly confined 
to the group of cells with small receptive areas, and that their distribution 
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within this group followed substantially the same pattern as that of the 
total population of cells investigated which had small receptive areas 


(compare Text-fig. 6(a) and (6)). 


Antidromic stimulation 
It seemed to be of great importance to determine the site or sites to 


which the cells in nucleus gracilis project, particularly when it had been 
found that the nucleus was not functionally homogeneous throughout its 


Text-fig. 6. Histograms relating numbers of cells investigated in nucleus gracilis 
to the sizes of their skin receptive areas. Receptive area indicated on a logarithmic 
scale (lower scale): histogram constructed on limits corresponding to successive 
doubling of receptive area (upper scale). Receptive areas of all cells lay wholly or 
partially on the hind foot. (a) Cells in which inhibition was observed (same cells 
as in Text-fig. 5). (b) Total cells investigated. . 


length. Antidromic dianhition of the cells, by applying electrical stimuli 
to expected sites of projection, provides one means of investigating this 
question. In the experiments described below, a preliminary attempt was 
made to determine the proportion of cells in various parts. of nucleus 
gracilis which projected directly into the rostral part of the contralateral 
medial lemniscus and therefore into the thalamus. — 

The experimental technique has already been described (see Methods). 
Cells fired by stimulation through electrodes placed in the region of the 


medial lemniscus usually gave a single spike response at a latency of 
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1-5-2-5 msec, although some latencies were longer. In the group with 
short latencies the threshold and latency for any cell were remarkably 
constant, the latter varying by about 3% or approximately twice the 
measurement error. It was thought likely that the responses in this group 
were due to direct antidromic excitation. As a further test, each cell was 
___/ normally subjected to tetanic stimulation with shocks just above threshold 
at 500/sec; and all the cells showing responses at short latency were found 
to follow this frequency. This was regarded as further evidence for anti- 
dromic excitation. 


| 


Text-fig. 7. Records from a cell in nucleus gracilis (3-8 mm on A-P scale), showing 
inhibition of spontaneous activity by single-shock stimuli applied to the region of 
the contralateral medial lemniscus; sodium pentobarbitone anaesthesia. From 
this position shocks of similar size elicited antidromic responses from a number of 
other cells in the nucleus. Skin receptive area of the cell: hairs on 16 cm* of the 
dorsolateral flank. Each vertical column shows a series of successive sweeps at 
l1/sec. Spikes retouched. (a) Cell firing spontaneously. (b) Activity conditioned . 
by lemniscal stimuli (arrow indicates position of stimulus on sweep); stimulus 
5 V, duration 60 psec, stimulating electrodes 1-5 mm apart. 


Little significance ought to be attached to negative results (i.e. failure 
to excite any particular cell in nucleus gracilis antidromically) in the small 
number of experiments carried out. It was found that the threshold 
voltages for antidromic excitation decreased and the proportion of positive 
results increased as the experimental technique was improved. In the 
two most satisfactory experiments we were satisfied by histological exami- 
nation that the final millimetre (uninsulated) of the stimulating electrodes 
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lay close to the medial edge of the medial geniculate nucleus on their 


lateral side with their tips almost reaching the substantia nigra ventrally, 


so that they should have occupied the position usually ascribed to the 
medial lemniscus at this level (see Ranson & Ingram, 1932). In these 
two experiments 15 cells, or some three-quarters of the cells observed 
which had receptive areas including the hind foot, werefired antidromically. 
The thresholds varied between 0-7 and 13 V, with a mean at 5 V, using a 


_ 60 psec square pulse. The cells in question were distributed fairly uniformly 


over the rostral 6 mm of the nucleus. They included some cells showing — 
peripheral inhibitory interaction of the kind described earlier. These 
investigations have since been considerably extended with improved 
techniques, and it has been found that 80-90 % of the cells in the middle 
section of the nucleus can be fired antidromically from the contralateral 
medial lemniscus (Gordon & Seed, 1960). 

It has been mentioned above that some responses to stimulation in the 
region of the caudal thalamus had much longer latencies (6-10 msec); 
and these were not considered to be antidromic responses because their 
threshold and latency were always variable and they sometimes included 
more than one spike. On one occasion the spontaneous discharge of a cell 
in nucleus gracilis was seen to be inhibited by single shocks applied to the © 
caudal thalamus region (see Text-fig. 7); the threshold stimulus for this 
effect was 5 V with the electrodes in a position from which true antidromic 
responses of other cells were obtained at comparable thresholds. 


DISCUSSION 


The most striking facts which have emerged from this investigation 
concern the marked functional differentiation shown to exist in the rostro- 
caudal axis of this very elongated nucleus. The fact that many of the cells 
in the rostral 4 mm of the nucleus which responded to tactile stimulation 
of the ipsilateral hind foot had extremely large receptive areas indicates 
a very high degree of central convergence here. Cajal (1909) described a 
pre-terminal branch given off by many fibres of the gracile and cuneate 
funiculi of the mouse after entry into their respective nuclei, and ascending 
into their upper parts; and such a presynaptic collateral system provides 
one conceivable basis for wide convergence of the kind we have inferred, 
though convergence of post-synaptic axons or axon collaterals may also 
occur. Cajal (1896) also mentioned a few pre-terminal branches of fibres 
in funiculus gracilis crossing to the nucleus of the opposite side; and it is 
possible that such fibres, converging with those from the ipsilateral side, 
could be the basis of our otherwise surprising observation of one cell at 
the top of the nucleus whose receptive area extended over both sides of 
the body. Apart from noting the fact that the organization at the rostral 
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end of the nucleus provides a method of dealing with information derived 
from large areas of skin, it is probably not justifiable to speculate about 
its possible significance in central analysis. We have shown that cells of 
this kind project into the region of the medial lemniscus in the caudal 
thalamus; and it is now also known that some of them can be excited anti- 


dromically from the anterior lobe of the cerebellum (Gordon & Seed, 1960). 


The very sharp contrast between the rostral and middle parts of the 
nucleus suggests different types of nuclear organization. The middle part, 


where receptive areas are small and mutual inhibition is common, seems 


well qualified to pass on information related to spatial discrimination ; 
and we have shown that cells of this kind project from the middle part of 
the nucleus to the caudal thalamus. Limited inhibitory interaction has 
been observed in nucleus cuneatus of the cat by Amassian & de Vito (1957), 
who found—and this is also our impression—that these effects were 
relatively resistant to barbiturate anaesthesia. It is clear that we have 
found inhibitory effects to be much more common than they did and that 
we have ascribed much more importance to them. This apparent dis- 
crepancy is presumably the result of our finding that inhibitory interaction 
was effectively limited to a quite small part of the nucleus where it was 
very prominent; and we have given some reasons for believing that 
nucleus cuneatus is organized on similar lines to nucleus gracilis. Inhibitory 
interaction has also been observed in cortical cells responding to cutaneous 
stimulation in the cat by Mountcastle (1957), who found such inhibition 
to be rather uncommon in the population of cells he studied, and to be 
very easily abolished by small doses of barbiturate. This difference from 
our results as regards susceptibility to anaesthesia seems to indicate that 
further inhibitory mechanisms of a type highly sensitive to anaesthetic 
must exist in this sensory system. Mutual inhibitory interaction has now 
been observed in a number of sensory systems where its possible significance 
in increasing contrast by emphasizing discontinuities in a stimulus pattern 
has been recognized and evaluated (e.g. Whitfield, 1957; Hartline & 
Ratliff, 1958). 

Our investigation contributes little or no information about the inter- 
relationship of neurones within the nucleus, and the possibility mentioned 
by Amassian & de Vito (1957) that these nuclei might contain true inter- 
nuncial cells. We have always applied the stimuli at too great a distance 
from the nucleus to make any assessment of the delays involved in nuclear 
transmission. Only or~ of our observations seems to bear on this question, 
and this was the v marked shortening of latency by 5-15 msec which 
was observed in some cases of spatial facilitation. The time scale of effective 
facilitation implied here seems to be considerably longer than would be 
expected from the known properties of monosynaptic systems (see Coombs, 
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Curtis & Eccles, 1956). The possibility also exists that this nucleus might 
contain inhibitory internuncial cells, in accordance with the system 
believed to exist in connexion with spinal motoneurones (Eccles, Fatt & 
Landgren, 1956). We have no evidence bearing on these possibilities; 
though if further evidence were to indicate the existence of a substantial 


_ group of cells which could not be excited antidromically, the question 


would then become worthy of further examination. The part of the nucleus 
about which we know least is its caudal end, where we have shown the 


- receptive areas of the cells to be intermediate in size between those found 


in the upper and middle parts. We do not yet know to what extent these 
cells are accessible to antidromic excitation. 

A further problem is presented by our finding excitatory and inhibitory 
effects upon cells in nucleus gracilis as a result of stimulating the region of 
the medial lemniscus. The excitatory effects were distinguishable from 
antidromic excitation by their long and variable latency and by other 
characteristics already mentioned; and a similar distinction was made by | 
Amassian & de Vito (1957). It is impossible to explain such effects with 
the knowledge at our disposal, though two obvious hypotheses present 
themselves. One is that descending pathways to the nucleus were being 
stimulated ; and the other that the effects were due to antidromic excitation 
of axons proceeding from the nucleus and giving rise there to axon col-_ 
laterals, these collaterals either ending on the cell observed or affecting it 
through internuncials. We are inclined to prefer the second possibility, in 
view of there being other grounds for believing the stimulating electrodes 
to have been in or very near the medial lemniscus; and Amassian & de Vito 
(1957) also took this view. A tentative hypothesis has been put forward 
elsewhere (Gordon & Seed, 1960), based on acceptance of this idea and 
taking into account further information about the distribution of such 
‘trans-synaptic’ effects in the nucleus. If our interpretation of the effects 
themselves could be substantiated, a method would certainly then exist 
for studying new aspects of the internal nuclear organization. 


SUMMARY 


1. Nucleus gracilis of the cat was investigated with a single-unit 
recording technique, attention being specially directed to those cells 
responding to tactile stimulation of the skin or hairs of the hind foot. 

2. In a population of such cells, the skin receptive areas were found to 
vary by a factor of 1000 or more. It was established that receptive area 
was related to the position of the cell in the rostro-caudal axis of the 
nucleus, those with the largest areas lying most rostral. Six millimetres or 
80 caudal to the rostral pole most cells had very small receptive areas. 
More caudally still the cells had intermediate receptive areas. | 
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3. Spatial facilitation of many cells was easy to demonstrate by a 
technique involving electrical stimulation of pairs of skin nerves. 

4, Spatial inhibition was frequently found among the cells with small 
receptive areas lying (in the rostro-caudal dimension) in the middle section 
of the nucleus, and was demonstrated by a variety of techniques. It was 
most often produced by electrical or mechanical stimuli applied near the 
receptive area but outside it. More distant stimuli—applied to the fore- 
limb, for instance—were effective with some cells. | 

5. It was shown that cells of the kinds described above, and lying in 
the rostral and middle sections of the nucleus, may be fired antidromically 
by electrical stimuli applied to the region of the contralateral medial 
lemniscus in the caudal thalamus. Other cells were fired by these means 
under circumstances suggesting a trans-synaptic path; and one cell was 
inhibited. 

6. It was concluded that nucleus gracilis shows a well marked functional 
differentiation in its longitudinal axis which deserves further investigation. 
Cells in two functionally distinct regions—the rostral and middle sections— 
project to the thalamus. 


We should like to acknowledge much generous help and advice from Dr R. H. Kay. 


We are also indebted to Mr W. A. Seed for the photograph in PI. 1. 


REFERENCES 


AmassIAN, V. E. & pr Vito, J. L. (1957). La transmission dans le noyeau de Burdach. 
Collog. int. Cent. nat. Rech. sci. 67, 353-393. 


Casa, 8. R. (1896). Beitrag zum Studium der Medulla Oblongata des Kleinhirns und des 
Ursprungs der Gehirnnerven, pp. 50-51. Leipzig: Barth. ; 


Casal, 8. R. (1909). Histologie du systéme nerveux de Vhomme et des vertébrés, pp. 896, 905. 


Paris: Maloine 


Coomss, J.8., Curtis, D. R. & Eccrzs, J. C. (1956). Time courses of motoneuronal responses. 
Nature, Lond., 178, 1049-1050. 


J.C., Fatt, P. & Lanparen, 8, (1956). Central pathway for direct inhibitory action 
of impulses in largest afferent nerve fibres to muscle. J. Neurophysiol. 19, 75-98. . 


Gaze, R. M. & Gorpon, G. (1954). The representation of cutaneous sense in the thalamus 
of the cat and monkey. Quart. J. exp. Physiol 39, 279-304. 


GuzEs, P., Livineston, R. B. & Sormr, J. (1951). Der intraspinale Verlauf und die Endi- 


gungen der sensorischen Wurzeln in den Nucleus gracilis und cuneatus. Arch. Psychiat. u. 
Z. Neurol. 187, 190-204. 


Gorpon, G. & Parner, C. H. (1959). Some features of the physiological organization of 
nucleus gracilis in the cat. J. Physiol. 148, 34-35P. 


Gorpon, G. & SEED, W. A. (1960). Responses of single neurones in nucleus gracilis of the 
cat to lemniscal and cerebellar stimulation. J. Physiol. 152, 63 P. 


Harting, H. K. & Rarurr, F. (1958). Spatial summation of inhibitory influences 


_ In the eye of Limulus, and the mutual interaction of receptor units. J. gen. Physiol. 
41, 1049-1066. 


Kay, R. H., Puriurps, C, G. & Tear, R. H. (1958). A versatile stimulator. Electron. Engng, 
30, 575-578. 


Maruuasal, J., Mizvavcont, K. & Tasaxt, I. (1952). Action currents in single afferent 
nerve fibres elicited by stimulation of the skin of the toad and the cat. J. Physiol. 117, 


129-151. 


| 
4 
“4 
4 | 
4 
| 
4 
‘ 


| 
| 
j 
| ‘ 
| 
. ; 
| 
, 
* 
ir 
4 
4 
| 


G. GORDON anv C. H. PAINE 


(Facing p. 349) 


ww 


4: 
Plate 1 | 
The Journal of Physiology, Vol. 153, No. 2 ate 
| 
| 
| 
“es. 
5 
4 
é 
oe 
10) 
mn 


NUCLEUS GRACILIS OF CAT 349 


Movuntcasttez, V. B. (1957). and to properties of single neurons of cat’s 
somatic sensory cortex. J. Neurophysiol. 


Ranson, 8. W. & Inearam, W. R. (1932). The diencephalic course and termination of the 
medial lemniscus and the brachium conjunctivum. J. comp. Neurol. 56, 257-275. 


TuEeRMAN, P. O. (1941). Transmission of impulses through the Burdach nucleus. J. Neuro- 
physiol. 4, 153-166. 


Wairrtexp, I. C. (1957). The physiology of hearing. Prog. Biophys. 8, 1-47. 


EXPLANATION OF PLATE 


PLATE 1 


_ Photograph (left) of the dorsal aspect of a living cat’s medulla and spinal cord at the level 


of the dorsal column nuclei. The caudal part of the corebellum has been removed, exposing 
the 4th ventricle, which lies out of focus at the top. Nucleus gracilis is shown shaded in the 


~ accompanying key (on right), and zero on the millimetre scale corresponds to its rostral 


berder. O— —O, mid line; @, obex; --—-, approximate position of caudal border of 
cerebellum before excision. 
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PERCEPTION OF LINEAR MOTION FOLLOWING UNILATERAL 
LABYRINTHECTOMY: VARIATION OF THRESHOLD 
ACCORDING TO THE ORIENTATION 
OF THE HEAD 


By E. G. WALSH | 
From the Department of Physiology, University of Edinburgh 


(Received 6 April 1960) 


It has long been believed that the otolith organs are sensitive to gravity, 
to linear acceleration and to vibration, but the division of labour between 
the utricle and saccule has been a matter of dispute. One view if that the 
utricle alone is concerned with the sensitivity to the direction ofthe gravi- 
tational field and to linear acceleration. The saccule is thus looked upon as 
being solely a vibration receptor. Much of the evidence as it relates to 
lower vertebrates favours this interpretation (Lowenstein, 1936), and there 
is little relevant information for the human being. It was felt that a study 
of the responses of people who had lost the use of the inner ear on one side 
might have a bearing on this problem, for the elimination of two of the four 
otolith organs might simplify the analysis. Apparatus has been developed 
which subjects the person to controlled linear acceleration in the hori- 
zontal plane. Measurements have been made of the sensory threshold, the 
least acceleration that allows the person to determine the direction in 
which he has moved. Attention has been paid to the relationship between 
the orientation of the maculae of the otoliths and the threshold. A pre- 
liminary account of this work has already been published (Walsh, 1959). 


METHODS 


Initial observations made use of a trolley which was pulled along a railway of some 3 m 
length under the influence of falling weights or an electric motor. The apparatus finally 


evolved consisted of a stretcher which could be moved by the use of compressed air and 


which was supported from the ceiling by wires 4 m long (Fig. 1). The person lay blindfolded 
on @ polyurethane (plastic) mattress. As the weight of the person was taken by the wires 
the static friction to movement was extremely low. To the underneath of the stretcher was 
fixed a jointed frame furnished with ball races. To the frame was attached a ram of 2+5 cm 
bore into which oil was driven from a reservoir by compressed air of up to 60 Ib./sq. in. 
pressure (4:2 kg/cm?). The consistency of the oil was such as to damp critically the oscilla- 
tions of the system. By varying the pressure of the air the acceleration of the stretcher could 
be adjusted, The motion was recorded by an electromagnetic pick-up, the coil of which 
moved with the frame whilst the magnet was stationary. The electrical output after amplifi- 
cation was recorded by an ink-writing pen. The deflexion was proportional to the velocity 
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of the stretcher. The system was calibrated by detaching the ram from the frame and 
measuring the deflexions corresponding to known excursions of free oscillation. 

The person was exposed by this technique to a brief (0-4 sec) period of acceleration 
followed by a much more prolonged period of more gradual deceleration. Near threshold the 
acceleration alone was sensed. The frame could be rotated, so that the motion was towards 
the head, towards the feet, or to either side. Threshold was taken as the least acceleration 
which would allow the person reliably to determine the direction in which he was moved, 


Li 


| 
Fig. 1, Pneumatically controlled stretcher. Horizontal movement was initiated by 
connecting the airline through the tap to a reservoir of compressed air. As the 
stretcher moved, so the weight of the body opposed the motion to an ever in- 
creasing degree. The initial acceleration thus changed to a deceleration. The move- 
ment became slower and slower and was imperceptibly arrested. 


Correct responses in each of the four cardinal directions were required. The movements of 
the stretcher were strictly speaking not linear but curvilinear. As the stretcher moved 
horizontally it also rose. This effect was negligibly small and did not involve any rotation, 
the stretcher always remaining parallel with the floor. 

Use was also made of a parallel swing, an apparatus employed by Jongkees & Groen (1946). 
A stretcher was suspended at its four corners by wires 1-6 m long. With care, small trans- 
verse oscillations could be induced so that the person was carried alternately to the right 
and to the left. The movement was silent and free from unwanted vibrations. 


RESULTS 
Sensitivity when moving towards or away from damaged side 
Quix (1925) believed that in the human being the saccule is sensitive to 
movement towards its own side, a situation in which the pressure of the 
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use of the railway failed to support this viewpoint. Nine patients were 
tested, seven sitting, two lying. The thresholds towards and away from 
_ the side of the lesion were equal for six of the patients ; for two the threshold 
was higher on moving to the side of the lesion; for one higher on moving 
to the normal side. As it was considered important to check these findings 
the problem was approached in another way. It was felt that small 
differences in sensitivity might be more readily detected if the person was 
subjected to rhythmic to-and-fro movement. Close to threshold they 
might be expected to note that movement towards one side was felt more 
strongly than movement in the opposite sense. Use was then made of the 
parallel swing to provide small transverse movements. Eight patients with 
unilateral labyrinthine lesions were investigated in the supine position. 
They reported that the movements were equally clear in both directions. 
Finally, the data obtained with the pneumatically controlled stretcher 
may be considered. Six subjects were tested when lying supine on the 
stretcher as to their sensitivity for movements to the right and left. No 
constant differences could be found. 

These various methods thus agree in showing no consistent differences _ 
in sensitivity on moving towards or away from the side of the lesion when 
_ the person is lying on his back. The finding was unexpected, in view of the 
report by Jongkees (1950) that in the rabbit the removal of a saccule gives 
rise to insensitivity to movements directed across the head towards the 
damaged side. The scheme put forward by Quix (1925) is clearly untenable 
for the human being if the vestibular apparatus is responsible for the 
responses. It is hoped later to publish control data showing the role of the 
vestibular apparatus in the perception of movements on the parallel swing. 
The importance of the vestibular apparatus for the observations made with 


the pneumatically controlled stretcher 1 is established by the data in the 
following section. 


Variation in threshold with position of the head in space 

{In six subjects tested on the pneumatically controlled stretcher a varia- 
tion in sensitivity was found according to the position of the head. When 
the person lay on the side of the lesion the threshold was consistently 
higher than when he lay on the normal side. The results are shown in 
Table 1. Of each pair of figures, that obtained with the person lying on the 
side of the lesion is the higher. The chance of such an occurrence being due 
_ to the operation of chance alone is 1 in 128. The difference is clearly of 
statistical significance although it varies very considerably in magnitude. 

Five of the people were hospital subjects, the sixth was a 20-year-old 
female medical student (Miss B.) who had been deaf in one ear since infancy. 
Caloric tests on Miss B. revealed a minimal degree of nystagmus with hot 
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water and no response at all to cold on repeated testing; the responses on 
the other side were normal. The results of a number of tests on the pneu- 
matically controlled stretcher are summarized in Fig. 2. The numbers 
correspond to thresholds (cm/sec/sec) at the corresponding position of the 
head. Two sets of numbers alongside a figure of the head show that the test 
was performed twice in that position and the results indicate the repeata- 
bility of the method under favourable circumstances. When the damaged 


TABLE 1. Unilateral loss of vestibular function 
Threshold (cm/sec/sec) 


Lying on Lying on side 

Sex Age 7 sound side of lesion 
F 20 L, nerve deafness from 12 20 
infancy 10-5 13 
41 _R. labyrinthectomy 13 14 
M 51 L. labyrinthectomy 31 59 
M 54 R. labyrinthectomy 26 35 
M 55 L, labyrinthectomy 15 22 
F 59 R. acoustic neuroma 32 41 

Means 19-9 


Fig. 2. Change of threshold with orientation of head in subject with left-sided 
nerve deafness (Miss B.). Head is viewed from side of stretcher, and numbers corre- 
spond to thresholds (cm/sec/sec). Soi 

Top row; alteration of position of head in sagittal plane caused little variation in 
threshold, 

Middle row; subject lying on her side. Threshold was elevated when she lay on her 
left side (2nd, 3rd and 4th figures, in which she faces 45° downwards, horizontally 
and 45° upwards, respectively). | 

Bottom row; subject lying on her left side but with her head propped up and neck 
flexed towards her right shoulder. Threshold was elevated in the first two pomions . 
(facing 45° downwards and facing straight forwards), but not in the third (facing 45°: 
upwards). 
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side was downwards the threshold was consistently elevated, a clear 
confirmation of the finding obtained with the other subjects. In this 
position she experienced difficulty also in describing the exact orientation 
of her head. Nevertheless, she usually lay in that position when in bed, for 
otherwise hearing was not satisfactory, the sound ear being obstructed by 
the pillow. | 

The relative positions of the main parts of the otolith maculae are shown 
in Fig. 3 (cf. Camis, 1930). According to Corvera, Hallpike & Schuster 
(1958) the two saccules lie almost parallel, occupying sagittal planes, 


R. L. 
Utr. Utr. 


Sac. | Sac. 


Normal position 


Utr. 
Left side damaged— Left side undermost— 
normal sensitivity to insensitive to horizontal 


horizontal movements motion 
when lying on right ..... 


Fig. 3. Relative positions of saccule and utricle. In each figure the head is viewed 
from in front (after von Holst (1949) and Birukow (1959)). 


whilst the two utricles are almost horizontal when the head is tilted a little 
forward. The anterior parts of the utricular maculae and the dorsal lobes 
of the saccular maculae are described as being angulated with respect to 


_ the main parts of the receptive epithelium. The existence of these small 


zones may partially mask alterations of sensitivity with position that 
would otherwise be more striking. | 

The systematic change in threshold with position described above 
clearly indicates that the vestibular apparatus is concerned in the responses. 
Movement may, however, stimulate also the skin. Even if the vestibular 
apparatus was completely insensitive the motion might still be detected 
as a result of the pressure on the trunk resulting from the acceleration of 
the stretcher. The alteration in the sensitivity of the vestibular apparatus 
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according to its orientation may thus be greater than indicated by the 
numerical data. 

When a person lies on one side the maculae of the utricles lie close to a 
vertical plane at right angles to the long axis of the body. A shearing force 
will thus result from horizontal movements in a transverse direction, 
pressure or traction from movements to the head or to the feet. To 
ascertain how sensitive the utricle might be under these circumstances the 
proportion of correct responses obtained in experiments with the patient 
lying on the side of the lesion has been investigated. The data for the six 
patients of Table 1 have been taken, and are analysed in Table 2. The 
responses are those to stimuli close to threshold. Calculation of y* gave 
a value of 2-9, which for 3 degrees of freedom is not significant. 
Evidently the utricle is insensitive to horizontal movement when its 
membrane is vertical. When the patient lay with the normal side down- 
wards his sensitivity in the four directions of motion appeared to be equal. 
The value for y? is 0-6, which is not significant. : 


TABLE 2. Proportion of correct responses for movement in different directions 


Movement to Movement to Movement Movement 

head feet forwards backwards 

No. No. No 


No. 
of No. of No. of No. of No. 
trials correct trials correct trials correct trials correct x? 


Lying on labyrinth- 32 16 22 15 26 > ie 34 11 38 
ectomized side | 
Lying on sound side 31 13 28 15 27 13 24 12 0-6 


DISCUSSION 


When a patient with a unilateral lesion lies on his normal side the 
membrane of the remaining utricle lies approximately in a vertical plane 
at right angles to the long axis of the stretcher. It is inconceivable, what- 
ever view is taken as to the adequate stimulus, that an otolith organ would 
show the same sensitivity to a shearing force.as to a force directed per- 
pendicular to the macula; yet the patient has the same sensitivity for 
movements to the head or to the feet as to movements forwards or back- 
wards. This finding suggests that the saccule participates in the responses. 
The change of threshold of the patients with unilateral labyrinthine 
lesions, according to their posture, also.suggests that the saccules are con- 
cerned in the responses to linear acceleration. As the maculae of the 
utricles lie in almost the same plane it is difficult to see why this asymmetry 
should occur if they alone were concerned in the responses. The results 
would correspond to the right saccule being used to signal horizontal 


movements when lying on the right, the left saccule being involved when 
23-2 
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lying on the left. It is implicit in this scheme that the saccule is sensitive 
to a shearing force but that the sensitivity varies according to the direction 
of the steady pull on the membrane due to gravity. Such a concept indi- 
cates that both traction and shearing forces must be considered ; the need 
for an extension and synthesis of earlier views appears inescapable. 

The macula is evidently sensitive to acceleration in its own plane, and 
can give information as to the direction of action of force in that plane. 
When the saccular membrane lies above its macula, gravity will tend to 
pull it to one side or to the other. This mechanical consideration may 
explain the poor sensitivity to horizontal movement in that position. With 
the membrane in a dependent position it comes to lie close to its mid 
position and maximal sensitivity is shown. The importance of a biasing 
force to one side will vary with the tightness of the suspension of the 
membrane. The results afford a suggestion that the utricle behaves in a 
similar way, for it appears to be insensitive to horizontal movement when 
its membrane is in a vertical plane (p. 355). In this position the shearing 
effect of gravity will be maximal; the membrane will be strongly pulled 
from its position of rest. 

As an analogy a bell may be considered, for it can be rung by horizontal 
-movements easily when in its normal position, with difficulty when in- 
_ verted and not at all when on its side. The results harmonize with those 
obtained by Hasegawa (1938) on studying the frog after denervation of the 
saccules. The reflex responses to vertical jolting were lost. In Hasegawa’s 
experiments the shearing force acted with or against gravity and not at 
right angles as in the experiments described in the present paper. On the 
analogy with the bell Hasegawa’s results would have been predicted, for 
to be rung effectively by being rapidly raised and lowered a bell must be 
held horizontal. | | 

SUMMARY 

1. Asuspended stretcher moved by compressed air has been used to test 
the sensibility of the human subject to linear acceleration. The person was 
required to ascertain the direction in which the motion had occurred, and 
the least acceleration needed was measured. Patients were investigated 
who had lost the use of the vestibular apparatus on one side. 

2. When the patient lay on his back the sensitivity to movement towards 
and away from the damaged side appeared to be the same. 

3. The sensitivity was consistently reduced when the patient lay with 
the damaged side downwards. 

4. It is argued that these results taciiaate that the saccule partakes in 
the responses and that it is responsive to a shearing force parallel to the 
main part of its macula. It is concluded also that the direction of the 
gravitational bias is important in determining the effectiveness of a given 
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shearing force. Greater sensitivity to horizontal motion results when the. 
saccular otoliths hang than when they press on the macula. 


The author wishes to thank Professor N. M. Dott and Mr I. Simson-Hall for access to. 
patients in their departments of the Royal Infirmary, Edinburgh; Drs I. Simpson and 
J. Stanton for their co-operation in referring patients to him for these investigations; and 
C, Shepley, Esq., Department of Medical Illustration, for the figures. The apparatus was 
constructed by G. Wright. 
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SODIUM AND POTASSIUM MOVEMENTS IN KIDNEY CORTEX 
SLICES FROM NEW-BORN ANIMALS 


By R. WHITTAM 


From the Medical Research Council Cell Metabolism Research Unit, 
Department of Biochemistry, University of Oxford 


(Received 21 April 1960) 


Slices of the cortex cut from kidneys of adult rabbits, rats and guinéa- 
pigs depend on respiration for the maintenance of high potassium and low 
- sodium concentrations in the intracellular fluid, because a loss of potassium 
and a gain of sodium occur when respiration is inhibited by cooling, anoxia 
or cyanide (Mudge, 1951; Whittam & Davies, 1953; Aebi, 1953). The meta- 
bolism of kidney cortex slices from these adult animals is predominantly | 
aerobic, with high rates of oxygen consumption and low rates of anaerobic 
glycolysis. Thus, in guinea-pig kidney cortex slices the energy supply 
anaerobically is only 1% of that aerobically and is about one sixth of the 
-minimum required for the active transport of sodium and potassium at the 

rates found aerobically (Whittam & Davies, 1954). 
_ The low resistance of anoxia in tissue slices during incubation in vitro 
is a reflexion of the response of the whole animal, since adult guinea-pigs, 
rats and rabbits are alike in showing low tolerance to anoxia. New-born 
rats and rabbits, however, differ from new-born guinea-pigs in their 
response to anoxia, since they survive in nitrogen for appreciably longer 
than do new-born guinea-pigs (Fazekas, Alexander & Himwich, 1941). The 
survival time has recently been shown to be linearly related to the cardiac 
carbohydrate concentration and the maintenance of the circulation appears 
to be of some importance for survival (Dawes, Mott & Shelley, 1959). In 
view of the need also to prevent cardiac failure from an elevated plasma 
potassium concentration, the rather long survival in nitrogen of new-born 
rats and rabbits suggests the possibility that the tissues of these animals 
might be able to prevent a leakage of potassium into the circulation during 
anoxia, whilst the tissues of the new-born guinea-pig might resemble those 
of the adult animal in losing potassium anaerobically. This possibility has 
been tested with slices of kidney cortex, and the tissue sodium and potas- 
sium concentrations have been compared with the rates of respiration 
and of aerobic and anaerobic glycolysis. The tissue water content was 
also measured, as it increases in tissue slices from adult animals when 
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respiration is inhibited (see Robinson, 1950), and is therefore another tissue 
constituent whose concentration is affected by anoxia. 


METHODS 


Materials and procedure. Litters of rats, rabbits and guinea-pigs which had been born 
during the night were obtained between 9 and 10 a.m. the following morning. The animals 
were killed by bleeding from the carotid artery and the kidneys removed immediately. The 
kidneys of guinea-pigs and rabbits were bisected longitudinally and the medulla cut away 
with fine scissors. Slices of the cortex were made freehand with a razor blade, moistened with 
saline medium, by the method of Deutsch (1936), and the outermost slice was rejected. 
Kidneys of new-born rats weighed only about 20 mg and were too small for the poorly- 
defined medulla to be cut out. Two slices only were therefore cut from each rat kidney and 
these included the outer layer of the organ. The slices (0-3-0-4 mm thick) were placed in 
about 4 ml. of saline medium in a Petri dish at room temperature until they had all been 
made, this process taking up to 15 min. About 30-50 mg of tissue (wet wt.) were placed 
either in 4-0 ml. of saline medium in cups of Warburg manometers or in 3-0 ml. of saline 
medium in 5 ml. stoppered conical flasks. In anaerobic experiments a stick of yellow phos- 
phorus was placed in the centre well of the manometer cups. The vessels were shaken for 
1 hr in a water-bath at 37° C. 

After incubation the slices were removed, rapidly blotted on hardened filter paper 
(Whatman No. 542) and divided into two lots, each of which was quickly weighed on a torsion 
balance. 

Media. The two saline media contained (mm) NaCl 150, KCl 5, Na phosphate 10, pH 7:4 
and glucose 10, gassed with either O, or N, for aerobic or anaerobic incubations in conical 
flasks; and (mm) NaCl 150, KCl 5, NaHCO, 25 and glucose 10, gassed with 5% CO, and 
95% N,, for anaerobic incubations in Warburg manometers. 

Water content of tissue. The tissue water was taken to be equal to the loss of weight on 
drying the tissue during the night at 105° C. 

Chemical estimations. Lactate was estimated. according to the method of Barker & 
Summerson (1941) in the medium in which the tissue had been incubated. Sodium and 
potassium wereestimated in extracts of the tissue by flame photometry with a lithium internal 
standard (Amoore, Parsons & Werkheiser, 1958). The tissue extract was obtained by dis- 
persing the tissue in 3-0 ml. 5 % (w/v) trichloroacetic acid, which was then allowed to remain 
at 4° C during the night. Sodium and potassium in rat kidney tissue were estimated on the 
dried samples on which the water content had been determined, as there was not enough 
tissue for analyses on separate lots of tissue. The dried sample was digested in concentrated 
HNO, as described by Whittam & Davies (1953) and the sodium and potassium contents 
estimated by flame photometry. 


RESULTS 
Cation concentrations in kidney cortex slices 


Rabbit and rat. To determine whether concentration gradients of sodium 
and potassium could be maintained during aerobic and anaerobic incuba- 
tion at 37° C, cortex.slices cut from the kidneys of new-born animals were 
shaken in a saline medium containing glucose with a gas phase of either 
O, or N,. The results for rabbit tissue in Table | are from a typical experi- 
ment of five that gave similar results. They show that the concentration of 
sodium was maintained at the same level during aerobic incubation, whilst 
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during anaerobic incubation it increased from 107 to 133 m-mole/kg wet wt. 
The concentration of potassium rose from 76 to 85 m-mole/kg wet wt. 
during aerobic incubation, but fell to 66 m-mole/kg wet wt. anaerobically. 
The sum of the sodium and potassium concentrations remained the same 
as at the start after aerobic incubation but increased 9% anaerobically. 
The changes in the potassium concentration were therefore approximately 
balanced by movements of sodium in the opposite direction. Only small 
changes occurred in the water content and the cation concentrations 
expressed in m-mole/kg dry wt. are comparable to those in m-mole/kg 


TasBLE 1. The sodium, potassium and water concentrations in kidney cortex slices 
from new-born animals 


Cation concentrations 
A Water concentration 


wet wt. dry wt. ml. water/ ml, 


Conditions 100 g water/g 
Species of incubation Na K Na+K Na K Na+K wet wt. dry wt. 


Rabbit Before incubation 107 76 183 620 440 1060 84+0-7(3) 5-14+03 
Aerobic 100 85 185 6560. 470 10380 81+0°8(5) 4340-2 
Anaerobic 133 66 199 780 390 1170 834+1-0(5) 4-8+0-4 

Rat Before incubation 95 78 173 560 460 1020 83+1-1(5) 4940-4 
Aerobic 94 86 180 500 450 950 814+1-:2(5) 44403 
Anaerobic 134 63 197 840 390 1230 844+2-0(5) 53140°8 

Guinea-pig Before incubation 116 62 178 580 310 890 80 (2) 4:0 
Aerobic 113 61 174 460 250 710 75 (2) 3-0 
Anaerobic 148 21 169 970 140 1110 85 (2) 56 


Slices of the cortex were cut from the kidneys of a litter of new-born animals and immersed 
in phosphate saline medium in a Petri dish at room temperature until the slices had all been 
made. The tissue was then incubated at 37° C in 3-0 ml. of the phosphate saline medium, 
pH 7:4, containing 10 mm glucose, with a gas phase of either O, or N, for 1 hr and, after 
blotting and weighing the slices, the sodium, potassium and water concentrations in the 
tissue were estimated. The cation concentrations are mean values of duplicate measurements 
of a single experiment typical of at least three and the mean values for the water concen- 
trations are shown with s.D. and the number of values in parentheses. 


wet wt. Control incubations at 37° C of cortex slices cut from kidneys 
of the mothers of two of the litters showed a difference between the 
potassium concentrations aerobically and anaerobically of 43 m-mole/kg 
wet wt., in contrast to the mean difference (with s.p.) of 17+ 6 found in 
five experiments with tissues from new-born rabbits. 

Kidney cortex slices from new-born rats did not give as reproducible 
results as those from rabbits because of analytical difficulties due to the 
small amount of tissue available. The slices from fifteen new-born rats in 
a particularly large litter were pooled and incubated in duplicate flasks 
under each condition; the weight of tissue per flask was 15-20 mg and the 
results are shown in Table 1. They are closely similar to those obtained 
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with new-born rabbit tissue. The potassium concentration (in m-mole/kg 
wet wt.) was 86 after aerobic incubation and 63 after anaerobic incubation. 
The mean difference (with s.p.) in four experiments was 24+ 7. The rela- 
tively high potassium concentration found after anaerobic incubation is in 
contrast with that of 18-20 m-mole/kg wet wt. which has been found after 
the similar incubation of kidney cortex slices from adult rats (Whittam & 
Robinson 1958). The sodium concentration was unchanged during aerobic 
incubation but increased from 95 to 134 m-mole/kg wet wt. anaerobically. 
The sum of the sodium and potassium concentrations consequently also 
remained unchanged aerobically but increased 14° anaerobically owing 
to the uptake of sodium. The tissue from the new-born rat therefore closely 
resembles, as regards the loss of potassium, the tissue from the new-born 
rabbit in its relative insensitivity to anaerobiosis compared with tissue 
slices from adult animals. | | 

Guinea-pig. The sodium and potassium concentrations in kidney cortex 
slices from new-born guinea-pigs remained unchanged during aerobic 
incubation, but after anaerobic incubation the sodium concentration had 
risen from 116 to 148 m-mole/kg wet wt. and the potassium concentration 
had fallen from 62 to 21 (Table 1). These changes are similar to those 
occurring in kidney cortex slices from adult guinea-pigs, in which the 
potassium concentration after anaerobic incubation was 42 m-mole/kg 
wet wt. lower than that after aerobic incubation (Whittam & Davies, 
1953). The large increase during anaerobic incubation (67 % = 970—580= 
390 m-mole/kg dry wt.) in the amount of sodium per unit weight of dry 
matter is made up of an uptake of sodium in exchange for potassium 
(310—140 = 170 m-mole/kg dry wt.) and also of a net uptake of 390— 
170 = 220 m-mole/kg dry wt. The net uptake of sodium in kidney cortex 
slices from adult guinea-pigs has been shown to be accompanied by 
chloride (Whittam, 1956) and explains the swelling that occurs anaero- 


_bically as an entry of extracellular fluid into the cells (Leaf, 1956), and the 


same mechanism probably explains the present results. 

Effect of metabolic inhibitors. The maintenance of the sodium and potas- 
sium concentrations found after the anaerobic incubation of kidney cortex 
slices of new-born rabbits and rats could be due to one of two possibilities. 
First, the rate of exchange of these ions might be so low that only the 
relatively small net changes occurred in 1 hr even though the active trans- 
port of cations might be inhibited anaerobically. Secondly, the concen- 
trations might be maintained by active movements of ions, anaerobically 
as well as aerobically, at rates which would cause larger net changes in the 
concentrations if the active fluxes were to be inhibited by cutting off the 
supply of metabolic energy. To distinguish between these possibilities 


kidney cortex slices were incubated anaerobically in the presence of 
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iodoacetate, as this condition would be expected to inhibit the energy 
supply from both respiration and glycolysis. As an alternative way of 
inhibiting respiration slices were incubated aerobically with cyanide, and 
also, as a control, under anaerobic conditions with cyanide. 

The results (Table 2) show that the potassium concentration in rabbit 
kidney cortex slices after anaerobic incubation with 1 mm iodoacetate was 
25 m-mole/kg wet wt., indicating that iodoacetate caused a loss of 
(66—25) = 41 m-mole potassium/kg wet wt. The addition of 1 mmu-KCN 
aerobically caused changes in the sodium and potassium concentrations to 
those values which were also found after anaerobic incubation, when KCN 
had no effect. Anoxia and the addition of KCN aerobically therefore 


TABLE 2. Changes in the sodium and potassium concentrations and water content of kidney 
cortex slices after incubation under metabolically unfavourable conditions 


Cation concentrations 
(m-mole/kg wet wt.) 


Water content 
Guinea- (ml./g dry wt.) 
Rabbit Rat pig 
Species ee ee Na K Na Rabbit Rat pig 
Before incubation 307 95 62 116 5-1 4-8 4:0 
After incubation: 
Aerobic 85 100 86 94 61 113 4:3 4-3 3-0 
Anaerobic 66 133 63 134 21 148 4:8 4-5 5-6 
Aerobic + cyanide 62 134 63 120 — — 5-1 
Anaerobic + iodo- 25 143 35 140 19 158 6-4 6-9 5:6 
acetate 
Anaerobic+cyanide 60 130 62 133 — 5-3 5°6 
Aerobic+cyanide+ 29 149 — 72 


iodoacetate 


Kidney cortex slices from new-born animals were incubated for 1 hr at 37° C in 3-0 ml. of 
phosphate saline medium containing 10 mm glucose, pH 7-4, with O, or N, in the gas phase. 
Potassium cyanide and Na iodoacetate were added to give a final concentration of 1 mm. 
The values are means of two experiments. ; 


caused the same small leakage of tissue potassium. It seemed possible that 
the maintenance of a high potassium concentration aerobically with 
cyanide might also be due to energy from glycolysis under these conditions. 
Slices were therefore incubated to test whether iodoacetate, added with 
cyanide, under aerobic conditions, caused a greater leakage of potassium, 
as it did under anaerobic conditions. The results (Table 2) show that 
iodoacetate and cyanide added together under aerobic conditions caused a 
fall in potassium concentration to about 30 m-mole/kg wet wt. compared 
with the smaller fall to 62 with cyanide alone. : 
Kidney cortex slices from new-born rats resembled those from new-born 
rabbits. They lost the same amount of potassium (15 m-mole/kg wet wt.) 
aerobically, with 1 mm cyanide, as they did during anaerobic incubation, 
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when the addition of cyanide had no effect. Anaerobic incubation with 
1 mm iodoacetate caused a leakage of 43 m-mole potassium/kg dry wt. 

Cyanide (1 mM) caused a loss of potassium from new-born guinea-pig 
kidney cortex slices (28 m-mole/kg wet wt.) during aerobic incubation for 
lhr. In contrast to the results with rabbit and rat tissue, the addition of 
iodoacetate anaerobically caused only the same leakage (43 m-mole/kg 
wet wt.) as anaerobiosis alone (41 m-mole/kg wet wt.). The losses of 
potassium from tissue slices of all three species were accompanied by gains 
of sodium which were either approximately equal to or greater than the 
potassium loss (Table 2). : 

The results in Table 2 therefore show that an inhibitor of respiration 
(cyanide) caused changes in the sodium and potassium concentrations in 
kidney cortex slices from rabbits and rats which were the same as those 
produced by anaerobiosis. The addition of an inhibitor of glycolysis 
(iodoacetate) anaerobically caused a loss of potassium from kidney cortex 
slices from rabbits and rats, but not from guinea-pig tissue. The results 
show that metabolic energy from glycolysis was sufficient for the main- 
tenance of high tissue potassium concentrations anaerobically in rabbit 
and rat kidney cortex slices but insufficient in guinea-pig kidney cortex 
slices. 


Water content of tissue slices 


Slices of kidney cortex from adult animals swell during incubation in. 
vitro when the supply of energy from respiration is inhibited (see Robinson, 
1950) owing to a failure of the cells to prevent the entry of sodium chloride 
(Whittam, 1956), with which water moves as an approximately isotonic 
solution (Leaf, 1956). It was therefore interesting to see whether those 
tissue slices from new-born animals which partially resisted anaerobiosis, 
as regards the regulation of their sodium and potassium concentrations, 
also resisted the tendency to swell. The results (Table 1) are given as the 
amount of water per unit dry weight of tissue and as the percentage water 
(g water/100 g wet wt.). They show that the water content of the rabbit 
tissue was 5-1 ml./g dry wt. initially, and 4:3 and 4-8 ml./g dry wt. after 
- aerobic and anaerobic incubation; these values are not significantly 
different. The values for rat tissue are similar. The water content of guinea- 
pig kidney cortex slices, in contrast, was higher after anaerobic incubation 
(5-6 ml./g dry wt.) than after aerobic incubation (3-0 ml./g dry wt.), and 
the changes from the initial water content (4-0 ml./g dry wt.) show that 
during incubation the tissue lost water aerobically and gained water 
anaerobically. Table 2 shows the values in the presence of inhibitors. 
Rabbit and rat tissue swelled during anaerobic incubation with iodoacetate 
from 4:8—5-1 before incubation to 6-4—6-9 ml./g dry wt. The water content 
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of guinea-pig tissue was the same (5-6 ml./g dry wt.) after anaerobic 
incubation both in the presence and absence of iodoacetate. 

The results show that the water content of kidney cortex slices from 
rabbits and rats was unchanged after aerobic or anaerobic incubation at 
37° C, whilst guinea-pig kidney cortex slices swelled appreciably during 
anaerobic incubation. It appears that resistance to anaerobic swelling is 
shown by kidney cortex slices from new-born rabbits and rats but not by 
those of new-born guinea-pigs. In this respect, therefore, new-born rabbits 
and rats resemble each other and are different from adults of the species, 
whilst, in contrast, new-born guinea-pigs resemble adult guinea-pigs. 


TABLE 3. The rates of respiration and of lactic acid production in kidney cortex slices at 37° C 


Rate of lactic acid 


production 
Qo, m-mole/ 
Conditions of (pl./mg dry (pl. /mg dry  yl./mg dry kg wet 
Species incubation wt. /hr) wt./hr) wt./hr wt. /hr 
Rabbit Aerobic 7 10 (3) — * 3-3 (2) 2-8 
Anaerobic 0 22 (3) — — 
Aerobic + cyanide 0 — 13-6 (3) 9-1 
Rat Aerobic ©15+3-7 (5) 3°7 3-1 
Anaerobic 0 16 (3) — _ 
Aerobic + cyanide 0 — 9 (2) 6-6 
Guinea. pig Aerobic 14 — 1 


Slices of kidney cortex were incubated either in 4-0 ml. phosphate saline medium, pH 7:4, 
containing 10 mm glucose in Q,, or in 4-0 ml. bicarbonate saline medium, pH 7-4, containing 
10 mm glucose gassed with 5% CO, and 95% N,. The concentration of KCN was | mm. 
Lactic acid was determined in the medium after incubation. The values are means of at 
least two experiments; s.D. are given with the number of experiments in parentheses. 


‘The metabolic activity of tissue slices 


The resistance towards anaerobiosis by kidney cortex slices of new-born 
rabbits and rats, both as regards sodium and potassium concentrations and 
water content, suggests that they derive sufficient energy from anaerobic 
glycolysis to maintain a steady state close to that maintained aerobically. 
Measurements of the rate of oxygen consumption, of the liberation of 
carbon dioxide from a bicarbonate saline medium and of the lactic acid 
production have therefore been made to test, on the one hand, if kidney 
cortex slices of new-born rabbits and rats have a high rate of anaerobic 
metabolism and, on the other hand, if those from new-born guinea-pigs 
resemble adult guinea-pigs in having a low rate. 

The rates of oxygen consumption by kidney cortex slices from new-born 
rabbits and rats at 37° C were 10 and 15 ul./mg dry wt./hr respectively, 
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and the rates of liberation of CO, anaerobically were 22 and 16 pl./mg dry 
wt./hr respectively (Table 3). In the rabbit tissue, the QN3, was therefore 
2:2 times greater than the Qo,, and in the rat tissue the rates were equal. 
Therate of lactic acid production aerobically was about 3 m-mole/kg wet wt./ 
hr for both the rat and rabbit tissue, and this value is equivalent to a Q%,, 
(ul./mg dry wt./hr) of approximately 3-5. In contrast to the high rates of 
anaerobic metabolism in kidney cortex slices of the rabbit and rat, kidney 
cortex slices from new-born guinea-pigs were predominantly aerobic; the 
Qo, was 14 and the Qi3, was 5; the rate of lactic acid production aero- 
bically was less than 1 m-mole/kg wet wt./hr. : 

The O, uptake was completely inhibited by 1 mm-KCN, which caused 
an increase in aerobic lactic acid production in rabbit and rat tissue from 
about 3 to 9-1 and 6-6 m-mole/kg wet wt./hr respectively. Liberation of 
CO, anaerobically was 90% inhibited by 1 mm-iodoacetate. 


DISCUSSION 
Cation concentrations in kidney cortex slices 


Rabbits and rats are among those species whose new-born can survive 
anoxia for appreciably longer periods of time than new-born guinea-pigs 
(Fazekas et al. 1941), and at birth the former are less developed and are 
suckled for about 2 weeks whereas guinea-pigs can eat solid food. Studies on 
the plasma electrolytes in animals subjected to anoxia have not been made, 


but it may be assumed that those animals which withstand anoxia are also 


able to maintain a low plasma potassium concentration. If this is so, then 
tissues such as kidney- and brain-cortex and liver would be expected to 
retain their potassium during anaerobic incubation in vitro, in contrast to 
the loss which occurs from tissues from adult animals. The results show that 


this is substantially true for slices of kidney cortex of new-born rabbits 


and rats. Kidney cortex slices were found to be suitable for studies in 
vitro but the brains were too small for cutting slices. Preliminary experi- 


_ nents with liver slices gave results similar to kidney cortex slices but the 


values for the cation concentrations varied from litter to litter, probably 


- because of variable amounts of tissue fat and glycogen. 


Calculations of the cation concentrations in the intracellular fluid have 


not been made, as the extracellular space was not measured. Corrections 


for the cations in extracellular fluid would give intracellular concentrations 
higher for potassium and lower for sodium than those for the whole tissue. 
The concentrations in the whole tissue, however, show the retention of 
potassium at about 65 m-mole/kg wet wt. compared with a concentration 
of 5 mM in the medium, and the maintenance of sodium at a lower con- 
centration (133 m-mole/kg wet wt.) than that in the medium (168 mm) by 
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kidney cortex slices from new-born rabbits and rats in which respiration 
was inhibited by incubation either anaerobically or aerobically in the 
presence of cyanide. The concentration gradients could not have been due 
to the impermeability, or very low permeability, of the cell membranes, 
because when glycolysis was also inhibited by the addition of iodoacetate 
the potassium concentration fell to about 30 m-mole/kg wet wt. The intra- 
cellular concentrations, therefore, appear to be maintained actively either 
by energy from respiration under aerobic conditions, when the rate of 
glycolysis was low, or by energy from glycolysis when respiration is in- 
hibited by cyanide or anoxia when the rate of glycolysis was high. As the 
p.d. acrosgghe cell membranes is not known, it is not possible to decide 
whether both sodium and potassium are actively transported or sodium 
alone. The results show, however, that the kidney cortex of the new-born 
rabbit and rat can derive sufficient energy from glycolysis for the main- 
tenance of high concentrations of potassium, and this is unlike the tissue 
from adult rabbits and rats which requires oxygen (Mudge, 1951; Aebi, 
1953). No differences were found between the sodium and potassium con- 
centrations in kidney cortex slices from new-born and adult guinea-pigs 
(Whittam & Davies, 1953), because during anaerobic incubation at 37° C 
potassium leaked out of the tissue in exchange for sodium, the tissue 
swelled and iodoacetate had no additional effect. Kidney cortex slices 
from the new-born rabbit and rat are, therefore, similar in their tolerance 
of anaerobiosis, and in this respect are different from the same tissue from 
new-born guinea-pigs and from adult animals of the same species. 


The metabolism of kidney cortex slices 

The importance of anaerobic glycolysis for the survival of animals | 
without oxygen has been'recently discussed by Dawes et al. (1959). The 
decrease in cardiac glycogen with age which they found exactly parallels 
the decrease in tolerance to anoxia, and supports their conclusion that the 
maintenance of the circulation by energy derived from glycolysis is of 
primary importance in the resistance to anoxia. 

The present results show that glycolysis is also — the pre- 
vention of swelling and the leakage of potassium from the cells under 
anaerobic conditions. Kidney cortex slices of new-born rabbits and rats 
liberated CO, from a bicarbonate saline medium at a high rate (QN3, = 22 
for rabbit aid 16 for rat). The Q&~,, of 16 for kidney cortex slices of the new- 
born rat is only in fair agreement with the value of 11-4 found by Gyorgy, 
Keller & Brehme (1928); comparable values for new-born rabbit and 
guinea-pig have not been found in the literature. The rate of lactic acid 
production aerobically and the QX3, (5) in guinea-pig kidney cortex slices 
were less than 30% of the corresponding values for the rabbit and rat 
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tissue. Since the product of both respiration and anaerobic glycolysis is 
adenosine triphosphoric acid (ATP) it may be inferred that a supply of 
ATP from either metabolic pathway may be used by the active transport 
systems which maintain the intracellular concentrations of sodium and 
potassium in kidney cortex slices of the new-born rabbit and rat. 

It is instructive to compare the rates of anaerobic glycolysis (QN3,) for 
kidney cortex slices from new-born and adult tissues, because the values 
clearly demonstrate the greater capacity for glycolysis in those of the new- 
born rabbit and rat. Thus, the QN3, for the tissue from adult rabbits and 
rats is 5 (Gyorgy et al. 1928; Ebina, 1929) compared with respective values 
of 22 and 16 for the tissue of the new-born (Table 3). In contrast, the rate 
(6) for the tissue of the adult guinea-pig (Gyérgy et al. 1928) is approxi- 


- mately equal to that for the new-born (5, Table 3). 


Comparison with other tissues 


Other tissues and cells which possess the ability to transport cations 
actively both aerobically and anaerobically are frog skin (Leaf & Renshaw, 
1957), duck erythrocytes (Tosteson & Robertson, 1956), ascites tumour 
cells (Maizels, Remington & Truscoe, 1958) and guinea-pig seminal vesicle 
mucosa (Breuer & Whittam, 1957). A metabolic feature shared by tumour 
cells and kidney cortex slices of the new-born rabbit and rat is a rate of 
aerobic glycolysis higher than that of tissues such as liver and kidney 
cortex of adult animals (see the discussion by Warburg, 1956). Thus, per 
mg dry wt./hr, kidney cortex slices from the new-born rabbit consumed 
10 wl. O, and produced 0-15 pmole lactic acid during aerobic incubation 
(see Table 3). If glucose is assumed to be the substrate for respiration and 


glycolysis, these values correspond to a glucose utilization of 0-08 umole 


by respiration and also by glycolysis. The values for rat tissue are 0-12 and 
0:17 respectively. The amount of glucose converted to lactic acid was; 
therefore, equal to that converted to CO, in rabbit tissue, and greater by 
40° in rat tissue. In contrast, kidney cortex slices of new-born guinea- 
pigs were predominantly respiratory, converting 0-10 umole glucose to 
CO, and less than 0:04 umole glucose to lactic acid. As regards the 
utilization of glucose during aerobic incubation, the production of lactic 


acid accounts for more catabolism than the respiratory pathway both in 


ascites tumour cells (Maizels et al. 1958) and in kidney cortex slices of new- 
born rabbits and‘rats, but not in kidney cortex slices from new-born 
guinea-pigs. 
Another feature common to ascites cells and kidney cortex slices is a 
Pasteur effect (the increase in lactic acid production due to anaerobiosis) 
which is up to 200 % in ascites cells (Maizels et al. 1958), and 560 and 330% 
with new-born rabbit and rat kidney cortex slices respectively. This effect 
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was also found with new-born guinea-pig kidney cortex slices, but since the 
anaerobic rate of glycolysis was only about 30% of that in the rabbit and 
rat tissue the glycolytic pathway is quantitatively of less significance than 
respiration. The Pasteur effect, therefore, partly accounts for the high 
rates of anaerobic glycolysis in ascites cells, seminal vesicle mucosa and 
kidney cortex slices of new-born rabbits and rats. 


SUMMARY 


_ 1.. Astudy has been made of the metabolism and the sodium, potassium 
and water concentrations in cortex slices from the kidneys of new-born 
rabbits, rats and guinea-pigs during incubation under various conditions 
at 37°C. 

2. The sodium, potassium and water concentrations in kidney cortex 
slices from new-born rabbits and rats were maintained during aerobic 
incubation for 1 hr, and the addition of 1mm cyanide aerobically, or 
anaerobiosis caused only a small loss of potassium (10-15 m-mole/kg wet 
wt.) and no change in water content. The addition of 1 mm iodoacetate 
anaerobically caused a greater loss of potassium (40-50 m-mole/kg wet wt.). 
Kidney cortex slices from new-born guinea-pigs also maintained their 
cation concentrations aerobically, but they gained sodium. lost potassium 
—and swelled during anaerobic incubation, when the addition of iodoacetate 
caused no further changes. ; 

8. Kidney cortex slices from new-born guinea-pigs, therefore, resemble 
those from adult guinea-pigs in their sensitivity to anaerobiosis and their 
dependence on respiration. Slices from new-born rabbits and rats, how- 
ever, maintained concentration gradients anaerobically which are com- 
patible with the ability of these animals to withstand anoxia for longer 
periods than guinea-pigs. 

4. The rates of liberation of CO, from a bicarbonate medium by kidney 
cortex slices from new-born rabbits and rats were 22 and 16 pl./mg dry 
wt./hr anaerobically, and the rate of lactic acid formation aerobically was 
about 3 m-mole/kg wet wt. In contrast, the respective values were 5 and 
less than 1 for guinea-pig tissue. The rates of oxygen consumption were 
also measured. 

5. It is concluded that the glycolytic metabolic pathway in kidney 
cortex slices from new-born rabbits and rats enables active transport 
mechanisms to maintain sodium and potassium concentrations close to 
those found aerobically and to prevent swelling, whilst the predominantly 
respiratory pathway in the same tissue from new-born guinea-pigs accounts 
for its oxygen requirement for active transport. 
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THE EFFECT OF SUDDEN CHANGES IN IONIC CONCENTRA- 
TIONS ON THE MEMBRANE POTENTIAL OF SINGLE 
MUSCLE FIBRES | 
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In an earlier paper on single muscle fibres (Hodgkin & Horowicz, 1959), 


we showed that the displacements of membrane potential produced by 
changes in the external ionic concentration were quantitatively consistent 
with the idea that the membrane potential is determined by the con- 
centration ratios of the potassium and chloride ions. Without making 
further measurements it might be supposed that the rate of change of 
membrane potential in response to a sudden alteration of [K], or [Cl]o 
would also be of a relatively simple kind. If ions in the external solution 
could reach the membrane without appreciable delay, the rate of change 
of membrane potential should be determined by the membrane time con- 
stant, which is normally about 30 msec (Fatt & Katz, 1951). If there were 
a straightforward diffusion delay it should be possible to measure the 
delay in one record and to predict the shape of all other records. The 
results described here show that the actual situation is more complicated, 
the main findings being that [Cl], affects the membrane potential more 
rapidly than [K], and that the depolarization associated with a rise of [K]o 
is quicker than the repolarization associated with a fall. A partial expla- 
nation is that the sites which are sensitive to potassium ions are less 
accessible than those which are sensitive to chloride and that appreciable 
quantities of potassium can be retained in a special region of the fibre. 


This suggestion accounts for a number of puzzling observations, but 


something further is needed to explain why the effect of a rise in [K]o is 
so much more rapid than that of a fall. 

In the present paper the words rapid and slow have a different meaning 
from those used in our previous article (Hodgkin & Horowicz, 1959). 
In describing the earlier results, any change taking place in less than a 
minute was regarded as ‘rapid’ and the word ‘slow’ was reserved for the 
- drifts in membrane potential, lasting minutes or hours, that are associated 
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with movements of KCl into or out of the fibre. Here, a ‘rapid’ change is 
one that takes place in a fraction of a second and a ‘slow’ change is one 
occurring in seconds or tens of seconds. 


METHODS 


The apparatus and general procedure were identical with those described in the previous 
paper (Hodgkin & Horowicz, 1959). In most cases, membrane potentials were recorded 
between an internal micro-electrode, filled with 3 m-KCl, and a similar electrode in the 
external solution. At the end of each experiment tests of the kind described in the previous 
article were made to check that the electrodes were not influenced by junction potentials. 
One of these tests, which consisted in flushing the cell with a new solution and recording 
the change in p.d. between the external micro-electrode and an external agar-Ringer elec- 
trode, provided information about the rate of change of concentration in the cell. 

Since the experiments dealt with sudden changes in concentration it was desirable to 
introduce the new solution as rapidly as possible. The usual procedure was to flush 2—5 ml. 


_ of solution through the cell in a period of 1-2 sec; the rate of flow varied between 1 and 


3 ml./sec. The total volume in the cell was about 0-3 ml. and the volume between the point 
of impalement and the tap was about 0-1 ml. The cross-sectional area of the cell was 0-09 cm, 
so & flow of 2 ml./sec corresponded to a mean velocity of about 20 cm/sec. It is difficult to 
give a figure for the rate of change of concentration in the immediate vicinity of the fibre. 
When Ringer’s fluid was replaced with a solution such as sodium sulphate, a junction 
potential developed between the external micro-electrode, which was filled with 3 m-KCl, 
and the agar-Ringer electrode. This potential difference, which should not reach its final 
value until the solution between the two electrodes had been fully changed, was 75% 
complete in 0-1 sec at flows of 2 ml./sec. However, it is doubtful whether this figure is a 
true indication of the rate of change in concentration near the fibre, for an unstirred layer 
close to the fibre might retard the change in concentration. The best evidence that the 
solution near the fibre was being changed rapidly is provided by the observation that changes 
in membrane potential produced by alterations of chloride concentration at flows of 2 ml./sec 
were 50 % complete in 0-2 sec. | | 
The main difficulty with the method was that low rates of flow did not change the solution 
rapidly enough and that high rates tended to jerk the micro-electrode and to give a momen- 
tary depolarization of a few millivolts. These artifacts could be recognized as such, since 
they occurred when the solution already in the cell was flushed through for a second time. 
Solutions. The solutions used were similar to those described in a previous paper (Hodgkin 
& Horowicz, 1959, Table 1). Chloride was replaced by SO, or mixtures of SO, and sucrose; 
CaSO, was added to maintain the level of ionized calcium. Since [K], and [Cl], were the 
important variables the solutions will be specified by the concentrations (in mm) of these 
ions. Thus Ringér’s fluid with 2-5 mm-K and 120 mm-Cl is designated 2-5-K 120-Cl. 
A control experiment with a modified method. In the standard method the fibre rested on 
a glass pedestal which had been lightly coated with petroleum jelly. One side of the fibre 
was in contact with a layer of grease over a length of about 3004. Although the area of 
membrane not directly exposed to the solution was small, it seemed just possible that 
retention of potassium between the grease and the fibre might account for the slowness of 
repolarization following a reduction of potassium concentration. Two experiments were 
therefore carried out with fibres which were suspended freely in the solution. Chloride-free 
solutions containing sulphate were employed, and the change in potassium concentration 
was from 80 to 2-5 mm-K. With no pedestal, the micro-electrode was jerked out of the fibre 
during the change in solution but usually reimpaled the fibre immediately afterwards. 
Although the records obtained by this method were rather irregular, they showed that 
24-2 
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repolarization after a reduction of [K], was as slow in these experiments as in those with 
a pedestal. This indicates that retention of potassium between the grease and the fibre was 
not the explanation of the slow response to a reduction of [K]). 


RESULTS 
Changes in membrane potential produced by alterations of [Cl]o 


Figure 1 illustrates the effect of changing [Cl]o at constant [K]. on the 
membrane potential of fibres equilibrated in various solutions. In all 
cases the change was 50° complete in less than 0-3 sec but there was often 
a slow drift to the final level. This was most conspicuous when fibres 
loaded with chloride were suddenly exposed to a solution containing little 
chloride— for example record D. The duration of the slow component was 
of the same order as the repolarization caused by a fall in [K] and it seems 
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Fig. 1. Rapid effect on internal potential of changing [Cl], at constant [K]». 
The concentrations of K and Cl, in mm, are shown on the records. The fibres had 
been equilibrated in the following solutions: A, 2°5-K 120-Cl; B, 100-K 30-Cl; C, 
95-K 108-Cl; D, 95-K 214-Cl. In this and subsequent figures the solutions used in 
any one experiment always had the same tonicity. Chloride was replaced with 
sulphate, or sulphate and sucrose, using solutions of the type described in Hodgkin 
& Horowicz (1959, Table 1); for example, in A 2-5-K 120-Cl is Ringer’s fluid 
(solution A of that Table) and 2-5-K 30-Cl is solution G of the same Table. Fibre 
reference numbers and diameters were as follows: A, 29, 111 4; B, 27, 147 y; C, 19, 
92; D, 17, 1334. Rates of flow were 1-3 ml./sec and temperatures 19—23° C. 
The horizontal lines below records ‘A, B and C mark the periods when solution was 
flowing through the cell ; vertical lines above the record mark changesin composition ; | 
note that there were some control flushes with the solution already in the cell. 
The ‘horizontal lines marking flushes were taken from the transducer output— 
see Fig. 2. The flushes in D were about 10 sec in duration. | 
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possible that whatever slows the response to [K], may also have some 


- effect on the response to [Cl]>o. However, it is difficult to be sure that the 


slow component seen with [Cl], as the variable is not an artifact. Thus 
a record such as D can be explained by assuming that 80-90% of the 
solution near the fibre was changed quickly and that it took a few seconds 
to wash out the remaining 10-20%. 


Comparison of effects on membrane potential of 
[K]o and [Cl]o | 
Figure 2 illustrates the difference between the effect of changing [K]o 
at constant [Cl], (record A) with that of changing [Cl]. at constant [K], 
(records B and C). The experiment shows that although the effect of a rise 
in [K], occurs at much the same rate as that found with [Cl], the effect 
of a fall in [K]o is much slower. Thus the half-time of the repolarization in 
record A is 2-3 sec as against 0-2 sec for the half-times in records B and C. 


30-Cl 0 
50-K | 200-K { 50-K —50mV 
30-Cl | 120-Cl 120-Cl| 30-Cl 0 
\ 
25-K 
0 eae 30 40 50 60 70 


Seconds 


Fig. 2. Comparison of effect of changing [K], at constant [Cl], record A, with 
effect of changing [Cl], at constant [ K],, record B (50-K) and C (2-5-K). Chloride 
was replaced with SO, and K with Na. The fibre had been. equilibrated in 50-K 
30-Cl and was transferred to 2-5-K 30-Cl just before record C’. The lower line is the 
internal potential and the upper line is the transducer output. Fibre 28, diameter 
134 u, temperature 22° C, 


The asymmetry between the on- and off-effects of K is not explained by 
non-linearity in the relation between membrane potential and potassium 
concentration. If the potassium concentration at the membrane rose and 
fell in a symmetrical manner the curves for the rise and fall of [K]o should 
oross at a potassium concentration of 4(50+200) = 125mm. From other 
measurements made on the same fibre the potential at this concentration 
is estimated as —15mV. Now the time to depolarize to — 15 mV is 0-3 sec, 
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whereas the time to repolarize to —15 mV is 1-3 sec. The conclusion is 
that the ‘on-effect’ of raising [K]. occurs more rapidly than the ‘ off-effect’ 
of reducing [K]po. 


The asymmetrical response to [K]o 

Variation of [K]o in the absence of chloride. The difference between the 
on- and off-effects of raising [K], is well illustrated by Fig. 3, record A, 
which shows the effect of the changes 2:5 > 15 — 2-5-K in the absence 
of chloride. The half-time of the on-effect is about 0-3 and for the off-effect 
3-2 sec. The shape of the record suggests that the depolarization may 
take place in two stages, i.e. in (i) a rapid step whose rate is probably 
limited by the time taken to change solutions, and (ii) a slower creep with 
a, time constant of a few seconds. When [K], was reduced the rapid step 
was small and almost the whole of the repolarization occurred slowly. 


— 
25 25mm-K 25 15 25mm-K 
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80-k | 25-K 
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Fig. 3. Effect of varying [K], in the absence of [Cl],. The transducer output is below 
the potential in A and B and above it in C. The records were taken in the order 
C, B, A. The fibre had been in 80-K 0-Cl for 3 min before the beginning of record C 
and had previously been in 2-5-K 0-Cl for 2 hr. The solutions contained sulphate 
and sucrose and had the same tonicity and ionic strength as Ringer’s fluid. 
The 80-K 0-Cl solution was identical with Z, Table 1 (Hodgkin & Horowicz, 1959). 
The other two solutions were intermediate between D and FE of that table. 
Fibre 24, 119, 18° C; flow 2 ml./sec. 


This was not true if the potassium concentration was raised for only a 
brief time. In Fig. 3B the potassium concentration was raised for 0-7 sec; 
under these conditions the rapid step was larger and the amplitude of the 
slow component was reduced. Further information about the effect of 
varying the duration of the exposure to raised [K], on the rate of re- 
polarization is given in Fig. 4. These records were obtained by switching 
back and forth between 2-5 and 10-K for different periods. 

When high potassium concentrations were employed the rate of re- 
polarization became very slow. Figure 3C, which was obtained on the 
same fibre as Fig. 3.4 and B, illustrates the effect of reducing [K]o from 
80 to 2-5 mm. The fibre repolarized from — 17 to — 95 mV but the half-time 
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was 12 sec and repolarization was not complete until about 100 sec after 
the change. 

Figure 5 illustrates the way in which the membrane potential approached 
its equilibrium value after a number of different changes in potassium 
concentration. The effect of the change 2-5 -> 80-K was difficult to study, 
because the fibre developed maximal tension for a few seconds and was 
damaged irreversibly if the electrode was left in position during the 
transient contraction. However, if the fibre was kept for most of the time 
in 80-K, and 2-5-K was applied for short periods, there was insufficient 


10K 1 26K | 10-K 25-K 
mv | —80 mV 
J 25K |. 
~100 
0 10 20 
Seconds 


Fig. 4. Effect on internal potential of switching between 10-K 0-Cl and 2-5-K 0-Ci 
for different periods, using isotonic sulphate solutions of same type as in Fig. 3. | 
Fibre 23, 130, 19° C. The flow was 2 ml./sec and the duration of the flushes 


about 1 sec. 
—50 mV 
E 
H 
-5 0 5 10 15 20 
| Seconds 
Fig. 5. Tracings showing on- and off-effects of K on membrane potential 
A 80 + 190-K E 2-5 > 10-K 
B 190 80-K 10 2-5-K 
C 25 80-K G ] 2-5-K 
D 80 + 10-K H 2-5 + 1-K 


Isotonic, chloride-free, sulphate solutions of the type used previously (Hodgkin & 
Horowiecz, 1959, Table 1, solutions D, Z, H). Fibre 23, 130, 19°C. The flow 
rate was 2 ml./sec and the duration of the flushes were: A and B, 0:6 sec; C, 1-4 sec; 
D, 0-7 sec; E, 0-7 sec; G and H, 0-5 sec. A small flush artifact can be seen in reeords 
E G and H. 
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time to prime the contractile mechanism and the fibre did not develop 
tension when 80-K was reapplied. Record C in Fig. 5 was obtained in this 
way. | 
Variation of [K]o in the presence of [Cl]o. In the experiments considered 
so far the fibres were in solutions which contained both sodium and 
sulphate ions. It is clearly important to know whether similar phenomena 
can be observed in media which are free from these ions. Records A—F 
in Fig. 6 were obtained by varying [K]> at constant [Cl], with no sulphate 
in the solution and in A—D sodium ions were replaced with choline. Since 
chloride ions entered the fibre when it was depolarized the potential did 
not return to its original value when 2-5-K was restored. However, with 
the relatively short exposures used in A—E this effect was small and did 
not obscure the marked asymmetry in the effect of [K].. The rate of 
repolarization was greater than in the absence of chloride (see p. 383), 
but in other respects the form of the curves.was similar to that observed 
in sulphate. Curves G and H, which are included for the sake of complete- 
ness, illustrate the repolarization in Ringer’s fluid after treatment with 
190-K 3-6-Cl. Curve J has been replotted from the only experiment 
in which we were able to record the potential during a maximal con- 
traction. 


Correlation of the time constant of repolarization with fibre diameter 

A comparison of records B and D in Fig. 6 suggests that the rate of 
repolarization might be slower in fibres of large diameter. Since the 
half-time of repolarization varied greatly with the degree of depolarization 
and with the solution used to restore the resting potential, it was essential 
in comparing different fibres to use records obtained with the same change 
in solution. Table 1 gives the results obtained in four different types of 
experiment with fibres varying in diameter between 62 and 160. In 
Group II, where the range of fibre diameters is small, and III, where there 
are only three experiments, there is no significant correlation between 
diameter and time constant. In I the range was from 74:5 to 148, and 
there is a significant correlation with r = 0-71 and 0-02 < P < 0-05. In 
IV the range was from 62 to 122 and the correlation was significant with 
r = 0-93 and 0-02 < P < 0-05. If the four groups were normalized and 
treated as a whole, the correlation was again significant with r = 0-76 
and P < 0-001. Although the evidence rests rather heavily on a few fibres 
it seems reasonable to conclude that repolarization is slower in large fibres 
than in small. 
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Fig. 6. Repolarization in 2-5-K 120-Cl (or 214-Cl) after depolarization with 
10-190-K. The potassium concentrations (mm) are shown on the records and 
other experimental details are given below. 


Fibre 
Fibre diameter 
Curve reference Notes on solutions 

A and B 7 74:5 120-Cl throughout (choline) 

C and D 6 138 120-Cl throughout (choline) 

E 25 119 120-Cl throughout (Na) 

F 21 132 214-Cl throughout (Na) 

G 3 83 190-K 3-6-Cl -> 2-5-K 120-Cl (Na) 
H 2 q2.. 190-K 3-6-Cl — 2-5-K 120-Cl (Na) 
I 2 62 2-5-K 120-Cl (Na) > 190-K 3-6-Cl 


Curves B and D have been shifted downwards 3 and 6 mV respectively in order 


‘to superpose the end of the records. In F the fibre had been in high K for 1-7 min, 


in @ for 11 min and in H for 3 min. Curves HZ and F were recorded with a 3 M-KCI- 
filled micro-electrode in the external circuit; the remainder with an agar-Ringer 
electrode externally. Corrections for junction potentials (a 12 mV step) have 
been made in G—J, but are unnecessary. (< 1 mV) in the other cases. Curves H 
and I have been rescaled, the others are tracings. The fibre did not contract in 
any case except J, where it developed maximum tension for 1-5 sec and then 
relaxed with a time constant of about 1 sec. Temperature 18-21° C. 
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TasB.e 1. Half-times of repolarization (¢}) and fibre diameter 


Fibre Temperature Time in 10-K Diameter th 

reference (°C) Flow (min) (p) . (sec) 
Group I, 10-K — 2-5-K; 120-Cl, choline 

7 18 m 0-12 74:5 0-70 
8 20 - 0-10 93 0-75 
ll 19 8 0-4 96 1-22 
13 20 . 0-30 102 1-24 
10 19 q 0-20 126 1-34 
9 19 q 0-10 134 1-09 
6 21 m 0-10 138 1-07 
12 20 - 1-0 148 1-85 
Mean 114 1-16 
Group II, 10-K > 2-5-K; 120-Cl, Na 

4 21 _ 0-19 75 0-8 

14 19 0-30. 85 1+] 

15 19 8 0-23 87 1-0 

16 20 q 0-2 118 1-0 

25 20 — 0-13 119 1-1 

Mean 97 1-0 

Group ‘III, 10-K 2-5-K; 0-Cl, Na 

23 19 m 0-4 130 2-3 

22 19 m 0-2 137 3 3-3 

26 19 m 0-3 160 3-6 

Mean 142 3-1 


Group IV, 190-K 3-6-Cl — 2-5-K 120-Cl 
Time in 190-K (min) 


2 21: 62 2-6 
4 21 — 7 75 4-1 
3 21 — 11 83 37 
5 — 83 5-5 
i 20 — ca. 10 122 74 

Mean 4:7 


Under flow, m (medium) means a flow of about 2 ml./sec, q (quick) about 3 ml./sec and 
8 (slow) about 1 ml./sec. In Group IV the potentials were recorded with an agar-Ringer 
electrode and ¢} has been measured without correcting for the junction potential. 


Transient repolarizations produced by variations of [K]o in 
muscles loaded with chloride 

Figure 7, record A, illustrates the effect of changing from 95-K 30-Cl 
to 2-5-K 214-Cl in a fibre which had been equilibrated for several hours 
in the former solution. The change in membrane potential, which was 
almost exactly that calculated for a chloride electrode, took place in two 
stages. There was first an initial rapid step of 10 mV and later a slower 
repolarization of 40 mV lasting about 5 sec. In other experiments it was 
shown that these two components could be separated by mens the 
change in two steps, using the sequence 


95-K 30-Cl +> 95-K 214-Cl 
95-K 214-C] 2-5-K 214-Cl. 


ys 


fa 
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The increase in chloride then gave the rapid 10 mV step and the decrease 
in potassium gave the slower 40 mV repolarization. The reason why 
increasing chloride gave only a small step is that the fibre was kept de- 
polarized by the high external concentration of potassium. It was not 
until the potassium concentration was reduced that external chloride ions 
could establish their equilibrium potential. 


A mV 
30-C! 214-Cl 
95-K | 2-5-K 
B2 mV 
30-Cl 30-Cl/214-C1 0 
95-K | 2:5-K 
C1 C2 mV 
30-Cl ~ 30 
95-K | 2-5-K 2:5-K|95-K 


0 10 20 30 40 50 60 70 
Seconds 


Fig. 7. Effect of varying [K], and [Cl], simultaneously, A, or separately B1, B2, 
Cl and 02. Fibre 20, 75, 20° C, equilibrated in 95-K 30-Cl (83 mm-SO, and 
147 mm-sucrose). The tonicity of all solutions was 1-75 times Ringer’s fluid. © 


In the experiment of Fig. 7 we were not primarily concerned with the 
changes which have just been described but with the alternative sequence 


95-K 30-Cl — 2-5-K 30-Cl (record B1) 
2-5-K 30-Cl -> 2:5-K 214-Cl (record B2). 


The first change, record B1, gave a transient repolarization, but after 
15 sec the potential in 2:5-K 30-Cl was the same as in 95-K 30-Cl. The 
reason is that in 2-5-K there is a large outward driving force on the po- 
tassium ions and that the potassium permeability is reduced to a low 
value. At intermediate potassium concentrations, for instance, 25 mm, 
the potassium permeability is higher than in 2-5 mm-K and the resting 
potential is larger (V more negative) than in either 95 mm-K or 2-5 mm-K 
(Hodgkin & Horowicz, 1959, p. 146). Setting aside record B1 for the 
moment, records A and ‘B2 can be reconciled by assuming that chloride 
ions can reach certain parts of the membrane more rapidly than potassium 
ions can leave the sites at which they act. Chloride ions did not restore 
the membrane potential at once in A because ‘external’ potassium ions 
were still present near the K-sensitive sites. In record B2 potassium ions 
had already been washed out, so chloride ions exerted their effect in a 
rapid manner. 
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Having dealt with this point the transient repolarization in B 1 (Fig. 7) will 
now be considered. Records ('2 and C'1 show that there was a transient 
repolarization when [K] was suddenly increased from 2-5 to 95 as well as 
when it was suddenly reduced from 95 to 2-5. A possible explanation of 
both transients is that the resting potential was higher (V more negative) 
at potassium concentrations between 2-5 and 95 than it was in either 
solutions and that as the local concentration passed through the inter- 
mediate region it gave a temporary repolarization. 


50-K 50-K 


A 
° 
° ° 
40 _ 4 
50-K 50-K 
25-K | 
Vv mV 
D E 
amo ang 
we ° ° 
° 
| | | | | 40 
0 10 20 50 60 70 


Seconds 


Fig. 8. Effect of chariging [K], at constant [Cl], (30 mM) on the internal potential 
of a fibre equilibrated in 50-K 30-Cl. C—F were obtained 80 min after A and B. 
The transients in A~B would probably have been smaller if they had been measured 
at the same time as C—F. From the same experiment as Fig. 12 of Hodgkin & 
Horowicz (1959). The points were obtained by measuring greatly magnified project- 
ions of the original records. Fibre 28, 134 p, 22° C. 


Figure 8 supports this explanation. This fibre had been equilibrated in 
50-K 30-Cl and in A and B the effects of the change 50 > 2-5-K or 
2:5 + 50-K were recorded. As in the previous example, there were 
transient repolarizations after both changes but no permanent displacement 
of membrane potential. Curves C—F, which give the effect of the changes 
. 50 > 25 + 2:5 + 25 > 50-K, show that in 25-K the resting potential 
was higher than in the other two solutions. Since the steady rise in resting 
potential at 25-K was greater than the transient repolarizations in the 
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changes 50-K —> 2-5-K or 2-5 - 50-K, it is plainly reasonable to attribute 
the transients to the presence in a local region of concentrations inter- 
mediate between those in the two solutions. The maximum change in 
potential during the transient should not be larger than the steady rise 
at the optimum potassium concentration, but it might well be smaller 
since it is unlikely that potassium would be lost at the same rate from all 
sites. | 


An interesting point illustrated by Fig. 8 is that the depolarization in D is slower than 
the repolarization in EH. This is the reverse of the usual situation, in which depolarizations 
are quicker than repolarizations, but the result is in keeping with the conclusion that the 
local potassium concentration rises more rapidly than it falls. In other words the asymmetry 
between the on- and off-effects of potassium depend more on the direction of the change 
in potassium concentration than on the direction in which the membrane potential is altering. 
The conclusion fits with the observation that the transient repolarization associated with 
the change 2-5 — 50-K is quicker than that associated with the converse change. 


Quantity of K + retained near membrane : 
A partial explanation of the slowness of the response to a reduction of 
[K]. is that appreciable quantities of external K+ are retained in a special 


region just outside the K-selective parts of the membrane. A minimum 


value for the quantity of K+ in this region can be calculated by a method 
which will be illustrated by Fig. 6, record F. In this experiment a fibre 
which had been in 95-K 214-Cl for 104 sec was suddenly exposed to 2-5-K 
214-Cl. The fibre repolarized from — 32 to —64 mV with a time constant 
of about 2 sec. From other measurements it is known that in an experi- 
ment of this kind a fibre repolarizes to the chloride equilibrium potential, 
Yo, (Hodgkin & Horowicz, 1959). It has also been shown that chloride 
movements agree with the constant field equation and that P,, is about 
4x10-*cm/sec. (The value found in this particular experiment was 
3°8 x 10-§ cm/sec.) Since V is known from the record, it is possible to 
calculate the rate at which Cl- enters the fibre as a function of time. 


The equation used was 
eVa-V)FIRT) 
Me = (Clo ” (1) 


where M,, is the flow of chloride into the fibre in pmole/cm*sec, V is the 
internal potential, Yi, is the chloride equilibrium potential which is taken 
from the final level at the end of the record, P., is the chloride perme- 
ability (4 x 10-* cm/sec) and the other symbols have their usual significance. 

The total quantity of chloride which enters the fibre during the period 
after the change in solution was then obtained by numerical integration as 
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Fibre Diameter solution 1 [K], (cl [K], 
(mM) mM) 


reference (x) (min) ( volum 
6 138 0-10 10 25 120 — 75 — 94 1-1 50 0-0020 
6 138 “0-10 20 120 2-5 120 — 59 -8 16 133 0-0022 
6 1 10 30 120 2:5 120 — 475 — 76 15 173 80-0018 
7 74:5 0-12 10 120 2-5 120 -705 -92 07 0-0027 
7 74:5 0-15 20 120 2-5 1200 —58 — 89 0-7 73 0-0022 
15 87 0-23 10 120 25 120 —~ 725 -93 10 52 0-0082. 
25 119 0-13 10 120 2°5 120 — 72-5 — 93 1-1 0-0029 
21 132 1-7: 214 2-5 214 — 32 ~ 1-7 617 0-0020 
20 15 215* 95 30 2-5 214 -235 --715 20 1000 0-0058 
18 135 240* 3-6 25 214 — 21 — 84 4:3 1856 0-0059 
2 62 2:3 190 3-6 25 1300 -5 26 885 0-000 
3 83 ll 190 3-6 2-5 120 +6 -8 3-7 1430 0-0087 
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In the experiment of Fig. 6, record F, Q, came to 617 pmole/cm?. Of this 
at most 4pmole/cm? were required to charge the membrane capacity; 
the remainder was presumably balanced by an inward movement of K+ 
from the special region near the membrane. There should therefore have 
been at least 613 pmole/cm* of K+ in the special region. This quantity is 
a minimum because some K+ should also diffuse from the special region 
into the external solution. If the initial and final concentrations of K+ 
in the special region are assumed to be the same as those in the external 
solution it is possible to calculate the minimum volume of the region as 


Qx/{{K linitia — 


For the experiment which has just been considered, the minimum volume 
of the special region was found to be 0-002 of the fibre volume. Values 
obtained in eleven other experiments varied between 0-0018 and 0-0059. 


TaBLE 2. Calculated entry of chloride dyring period while fibre is repolarizing 
4 
3 Solution, 1 Solution 2 6 


V 
mm) (mm) (mV) (mV) (sec) (pmole/cm*) 


* In these cases other solutions besides 1 were employed for some of the time but the 
fibre was depolarized for the period shown. Q,, in column 8 was calculated by eqns. | and 2, 
and is the quantity of Cl per cm? of membrane which should enter the fibre while it is re- 
polarizing. It is assumed that Q,, the quantity of K accompanying Cl, is equal to Qq. 


Column 9 gives the volume required to contain the potassium at the same concentration. 


as in the external fluid. 


It will be seen from Table 2 that the largest volumes were observed in 
fibres which had been kept for a relatively long time in solutions of high 
potassium concentration. This is probably not a coincidence since there 
were other indications that the repolarization became unusually slow 
after prolonged immersion in a low-Cl high-K solution. 

On the hypothesis advanced it is possible to estimate how far the 


minimum volume calculated for the special region is likely to be in error. 


When the fibre repolarizes in a chloride-free sulphate solution there should 
be no movement of potassium into the fibre and the rate of repolarization 
should be determined by the rate at which potassium ions diffuse from the 
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special region into the external fluid. Repolarization in sulphate ought 
therefore to be slower than in a medium containing chloride. If the rate 
were much lower, the estimate of the minimum volume should not be 
seriously in error. On the other hand if the two rates were nearly equal 
the actual volume would clearly be much greater than the minimum 
obtained by calculating the quantity of K+ which moves inwards with 
Cl-. Table 1 indicates that the rate of repolarization in sulphate was 2-3 
times slower than in chloride and this result is supported by an experiment 
in which the following changes were compared on the same fibre: 

80-K 0-Cl 2-5-K 0-Cl 

80-K 0-Cl 2-5-K 120-Cl. 
In the first case the repolarization was half complete ip 10 sec and in the 
second in about 5 sec. From the records it was calculated that the initial 
loss of potassium ions from the special region might occur 2-3 times 
faster in presence of chloride. The tentative conclusion is that the actual 
volume of the special region might be 50-100 % greater than the minimum 


yalues in Table 2. 


DISCUSSION 


The experiments described in this paper bring out a number of puzzling 
phenomena for which there is at present no clear explanation. The main 
facts established are, first that chloride ions affect the membrane potential 
of a muscle fibre more rapidly than potassium ions, and secondly that the 
repolarization resulting from a fall in [K], is slower than the depolarization 
resulting from a rise in [K]o. In order to explain the slowness of re- 
polarization it seems necessary to suppose either that some charged 
particle besides K+ and Cl- can have transient effects on the membrane 
potential or that appreciable quantities of K+ are retained in a special 
region whose volume is greater than 1/500 of that of the fibre (Table 2). 

In attempting to understand the new observations one naturally turns 
to the evidence about the system of tubules and vesicles which have been 
seen in electron micrographs of skeletal muscle (Bennett & Porter, 1953; 
Edwards & Ruska, 1955; Robertson, 1956; Porter & Palade, 1957). There 
are also the important experiments of Huxley & Taylor (1958) which 
show that highly localized contractions can be obtained if certain sensitive — 
spots on the surface of a muscle fibre are depolarized electrically. In frog 
muscle the sensitive spots are at the level of the Z lines and the contraction 
involves shortening of the I bands in either side of the Z line. The con- 
traction may spread inwards for as much as 10 but does not involve 


_ adjacent sarcomeres. Huxley & Taylor suggested that their results might 


be explained if some of the tubules were electrically continuous with the 
external fluid and if activation of the mechanical system were brought 
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about by an electrical spread of depolarization along the tubule. As 
Huxley (1959) has pointed out, the simplest form of the hypothesis, in 
which the tubules are open at the external surface, is not supported by 
present evidence from electron microscopy. However, if the tubules were 
closed by an unselective membrane of high permeability there should be 
electrical continuity between the external fluid and the lumen of the tubule. 
If there is electrical continuity, external potassium ions should diffuse into 
the tubules and they might alter the internal potential of the muscle fibre 
by changing the potential difference across the walls of the tubule. The 
action of chloride might be more rapid than that of potassium if Cl- 
exerted its effect on the outer surface of the fibre and K* had the greater 
influence on the tubular membrane. Since the distance which K* diffuses 
should increase with fibre diameter the hypothesis explains why the time 
constant of repolarization is longer in large fibres than in small. It also 
accounts for the observation that after a short exposure to high [K]o, in 
which K+ should not diffuse far into the tubule, recovery of the normal 
resting potential is quicker than after a longer exposure. A disadvantage 
of the hypothesis is that it does not explain why changes in potential 
produced by a rise in [K], were more rapid than those associated with a 
fall. The asymmetry may be connected with the curious rectifying pro- 
perties of the potassium channel in muscle (Katz, 1949), but it is difficult 
to go further with this idea until more is known about the rectification. 


SUMMARY 


1. In single muscle fibres the change in membrane potential produced 
by a sudden fall in potassium concentration was found to be slower than 
the change produced by a rise in ‘potassium concentration or by an altera- 
tion of chloride concentration in either direction. 

2. The asymmetry between the on- and off-effects of K+, which was 
observed both in presence and absence of Cl-, was too great to be explained 
by the logarithmic relation between potential and concentration. 

3. The repolarization resulting from a fall in [K], was slower in large 
fibres than in small. 

4. A partial explanation is that potassium ions can be retained for a 


short time in a special region whose volume is tentatively estimated as 
1/500 to 1/200 of the fibre. | } 
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POTASSIUM CONTRACTURES IN SINGLE MUSCLE FIBRES 
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It has been known for a long time that muscles can be made to contract 
by raising the potassium concentration in the external medium. In 
skeletal muscles these contractions are difficult to study, because potassium 
ions take some time to diffuse through the interspaces and the contractions 
which they set up are usually transient. The difficulties of interpretation 
become less acute if single fibres are employed; in that case, as was first 
shown by Kuffler (1946), a rise in external potassium concentration causes 
.& rapid depolarization and a prompt contraction. The quantitative effects 
of sudden changes of potassiufm concentration on membrane potential 
have been described previously (Hodgkin & Horowicz, 1959, 1960); the 
present article deals with the effect of similar changes on the tension de- 
veloped by single muscle fibres. For relevant work on whole muscles the 
excellent review of Sandow (1955) should be consulted. 


METHODS 


All the experiments were carried out with single fibres from the semitendinosus muscle 
of Rana temporaria. The apparatus and method of recording have been described in previous 
articles (Hodgkin & Horowicz, 1959, 1960). The only additional item of equipment was a 
device for changing solutions rapidly. In the method described previously, solutions were 
allowed to run into the cell from reservoirs at a height of about 50 cm above the cell; the 
flow obtained with this method was 1-3 ml./sec and the mean velocity in the channel con- 
taining the fibre was 10-30 cm/sec. In some of the present experiments (Fibres D, EH, F 
in Table 1 and Figs. 1 and 2) the reservoirs were replaced by large syringes (internal diameter 
2-1 cm) whose plungers were driven by pistons operated by compressed air between stops 
spaced 0-7 cm apart. This forced 2 ml. of solution through the cell in about 0-3 sec. Tests 
with dyes showed that the solution in the cell (volume about 0-3 ml.) was fully changed in one 
flush. The rate of flow (about 60 cm/sec) produced by the piston-operated syringes was 
too high for the experiments in which the membrane potential was recorded and most of 
the results described here were obtained with the original method. 

Solutions were made up on the same lines as those described previously (Hodgkin & 


Horowicz, 1959, Table 1). When using relatively short exposures to high [K] 9, [Cl], was . 


generally kept at its normal concentration of 120mm. For longer exposures solutions of 
constant [K] [Cl] product were employed, in order to avoid loading the fibre with Cl. 


* Present address: Department of Physiology, Tee University, St Louis, 
Missouri, U.S.A. 
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RESULTS 
The relation between potassium concentration and peak tension 


The muscle fibres used here were of the quick, phasic type and did not 
give maintained contractions when depolarized with high potassium 
concentrations. The way in which the muscle relaxes in high [K]» will be’ 
described later; to begin with we shall consider the effect of relatively 
short exposures in which the contraction was cut short by a return to 
low [K], and not by a spontaneous relaxation. Figure 1 shows the effect 
of different potassium concentrations on the tension generated by the 


15mm-K 
20 mm-K 20 
25 
30 mm-K 30mm-K 
50 mm-K 50mm-K 
100 mm-K 
0 10 
Seconds 


Fig. 1. ‘Tension resulting from brief applications of potassium concentrations, 
varying between 15 and 100 mm-K, to fibre in choline-Ringer’s fluid. Fibre £, 
diameter 88 temperature 16-5° C; Na-free solutions containing [K+ choline] = 
120 mm, 121 mm-Cl 1-8 mm-Ca, 1-5 mm phosphate buffer. The potassium con- 
centration at the beginning and end of each record was 2:5 mm. The breaks in 
the record, which were caused by the sudden flow of fluid through the cell, mark 
the times at which high [K], was applied or removed. The fibre was allowed to 
rest for 7-10 min between contractures. The order of the records was 20-50 mm 
(left-hand column), 100-15 mm (bottom, right-hand and top). The fibre was 
stretched to 1-28 times slack length, giving a measured sarcomere distance of 
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fibre; solutions were made up with choline instead of sodium, so there were 
no action potentials or twitches when [K] was increased. Contractions 
began at 20 mm-K, reached half their maximum at 25 mm-K and were 
nearly maximal at 50mm-K. In this fibre the maximum tension at 
100 mm-K was 3-0 kg/cm? and was 11% greater than that produced by a 
125/sec tetanus in Na-Ringer’s fluid. Table 1 shows that similar values 
were obtained in other experiments. 


TABLE I. Maximum tension developed in tetani and contractures 


Tetanus tension per cm? Contracture Contracture 
Fibre §Sarcomere tension tension 
Fibre diameter length Temperature 50/sec 125/sec percm? ‘Tetanus te 
reference (1) (#) (°C) kg/om* (125/s00), 
A 82 20 3-9 3-9 4-4 
4-0 
3:3 
3-3 
1-13 
3:3 
3-3 
D 98 18 9a 3-6 
3-3 3-5 
E 88 2-7 17 2-3. . 26 3-0 i 
2-6 2-8 — 
F 73 2-7 19 28 3-2 3°5 
3-3 3-3 1-08 
J 80 (2-5) 20 3°6 3:8 4+] 
4] 1-08 
41 


Contractures were induced with 100 mm-K, 120 mm-Cl in D, E, F and with 400 mm-K, 
2—4 mm-Cl in A, B, J. 


The sarcomere distance was measured after the experiment by stretching the fibre to 
the experimental length in a cell in it which could be observed with a water-immersion 
objective, The sarcomere length in J is based on the fact that this fibre was stretched to 
1-20 times slack length, whereas D, H and F were stretched to 1-35, 1-28 and 1-28, respectively. 
Diameters are means of several measurements including major and minor diameters; 
errors in cross-section might be + 20% but this does not affect the final column. 

The relation between tension and log [K], is given by the circles in 
Fig. 2. In the lower part of the curve the tension increased extremely 
steeply with potassium concentration, the tension at 25 mm being about 
5 times that at 20 mm. 

The records in Fig. 1 show that the tension rose with a long delay along 
an S-shaped curve when [K], was raised to 20 or 25 mm, but dropped 
abruptly when 2-5 mm-K was restored. With 100 mm-K the situation was 
reversed, for the tension rose rapidly but did not drop at once when 
2-5mM-K was restored. These effects are probably explained by the 


Tension 


To 


A 
che 


a @ 


Tension 


CONTRACTURES IN MUSCLE FIBRES 389 


combined action of a delay in the response of the membrane potential to 
a change in [K]o and a very steep relation between membrane potential 
and tension (p. 393). 

There was a slight difference between the contracture thresholds in 
choline- and in Na-Ringer’s fluid. Tension log [K], plots indicated that 


10 
05 
2:5 10 20 40 100 mm-K 
—95 -71 —~58 —46 —-25 mV 


Membrane potential 

Fig. 2. Relation between peak tension and potassium concentration or membrane 
potential. ©, Fibre H, tension only. +, Fibre G, tension only. x, Fibre G, 
tension and membrane potential. The numbers attached to the lower scale are 
the internal potentials measured at the same time as the tension. The scale for the 
potassium concentration is logarithmic and for potential is approximately linear, 
the difference in scale corresponding to 45 mV for a tenfold change. Choline- 
Ringer’s fluid with K replacing choline. Fibre Z, diameter 88 1, maximum tension 
3-0 kg/cm?, temperature 16-5° C. Fibre G, diameter 75 1, maximum tension 4-0 kg/ 
cm*, temperature 18°C. 


in the presence of Nat the curve was shifted to the right by a factor of 
about 1-2. For example, 25 mm-K choline-Ringer gave roughly the same 
tension as 30 mm-K Na-Ringer. The effect is in the same direction, but 
much smaller, than that observed in heart muscle by Liittgau & Nieder-. 
gerke (1958). 


The slalion between membrane potential and tension 


Figure 3 illustrates some simultaneous recordings of tension and mem- 
brane potential. Contractions began at a potential of about —54mV 
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(25 mm-K) and were nearly maximal at — 46 mV (40 mm-K). The relation 
between tension and membrane potential is shown by the crosses and the 
lower scale in Fig. 2. Figure 4 shows that a small increase in depolarization 
produced measurable tension and that this was suppressed by a small 
decrease in depolarization. : 


— 50 
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Fig. 3. Simultaneous recording of internal potential (upper trace) and tension 
(lower trace) showing effect of brief application of potassium concentrations 
varying between 10 and 40mm to fibre in choline-Ringer’s fluid containing 
2-5 mm-K. The record in 30 mm-K was taken immediately after that in'25 mm-K 
and this may have reduced the size of the mechanical response; earlier measure- 
ments, in which the fibre was allowed to rest between contractions, gave 3-4 times 
more tension in 30 mm-K than in 25 mm-K. Fibre G, diameter 75 », temperature 
18°C, Na-free solutions with [K]+[choline] = 120 mm, 121 mm-Cl, 1-8 mm-Ca, 
1-5 mm-phosphate buffer. The tension record has been slightly retouched. 


The sharpness of the contractile threshold 


If the latency and slow rise of tension depend solely on the time taken 
by the membrane potential to pass through a critical region, a comparison 
of tension and potential during the rising phase of a contracture should 
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give the relation between the two variables; for short contractures the 
same relation ought to hold for the sudden relaxation associated with a 
reduction of [K]o. These measurements could not be carried out in a 
direct manner because the onset of contraction was associated with 
irregularities in the recorded potential. Figure 5 illustrates the procedure 
adopted. Curve A gives the membrane potential for the sequence 
10 > 20 + 10 mm-K, and B the potential for 10 > 30 > 10 mm-K;; the 
latter resulted in a substantial rise in tension which is shown in curve b. 
Curve B* was drawn on the assumption that the irregularities in B were 
errors and that the internal potential rose smoothly towards the steady 
value determined by the potassium concentration. Since the micro- 
electrode was jerked out of the fibre at the end of the period in 30 mm-K, 


= 
0 10 20 30 40 50 60 70 
Seconds 


Fig. 4. Effect of sudden changes in potassium concentration on internal potential 
(upper trace) and tension (lower trace), Fibre H, diameter 119, temperature 
18° C, sulphate solutions containing 8 mm-CaSO, and [Na+K] = 83 mm (see 
Hodgkin & Horowicz, 1959, Table 1, solutions D and #). At 51 and 75 sec the 
solution already in the cell was flushed through for a second time. The tension 
developed in 20 mm-K was 4% of the maximum contraction tension (3-2 kg/cm?*). 
The record was taken several minutes after impalement and the resting potential 
in 2-5 mM-K had declined 7 mV during this period; 2 hr earlier the resting potential 
was 95 mV. The changes in tension and potential produced by replacing 15 with 
20 mm-K are best seen by looking along the record. 


the repolarization phase of B* had to be inferred from the repolarization 
observed in record A. If the tension in the initial part of curve b is plotted 
against membrane potential, it is found that each millivolt increase in 


depolarization is associated with an elevenfold rise in tension. This is illus- 


trated by the circles near the tension record, which were calculated on 
the assumption that tension oc exp(V/0-417). The same equation gave an 
approximate fit to the phase of relaxation at the end of the period in 
high [K]o. Similar results were obtained in two other experiments, but 
the value of the exponential constant was somewhat higher, the mean in 
the three experiments being 0-7 mV. This figure is subject to large errors, 
but it is clear that the tension generated in the region of the mechanical 
threshold is acutely sensitive to’small changes in membrane potential. 


Absolute value of the contractile threshold 


In five experiments with fibres equilibrated in choline-Ringer’s fluid, 
the critical potential for development of measurable tension was found to 
average —54mV (range from —48 to —58 mV). Similar measurements 
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were not made with ordinary Ringer’s fluid because the fibres often gave 
a twitch when [K]> was increased ; this would have damaged the membrane 
if the electrode had been inserted. Since about 20% more K was required 
to give a contracture in Na than in choline solutions the critical potential 
in the presence of Na may be taken as about —50 mV. Critical potentials 
of from —40 to —45 mV were obtained in fibres which had been equi- 
librated in sulphate solutions containing 10 mm-K and 70 mm-Na; these 
fibres had resting potentials of — 65 mV instead of the usual — 95 mV. 


b 


mV —50 


Seconds 


Fig. 5. Simultaneous records of membrane potential (A, B) and senaien (a, 6). 
The changes in solution were 


Aa: 10 + 20 > 10 mm-K (0-Cl) 

Bb: 10 30 + 10 mm-K (0-Cl). 
In A 20 mmu-K was applied for 20 sec and the gap in the record represents 14-5 sec. 
In B 30 mm-K was applied for 3 sec. The micro-electrode was jerked out of the 
_ fibre when relaxation started. Curve B*, which is based on B and A, gives the 


assumed time course of the membrane potential. The circles against the tension 
curve b were calculated from B* by the equation 


T = 0-284 exp ao, 


where T' is tension per unit area in kg/em?* and V is the internal potential in mV. 
Fibre K, diameter 117 », temperature 20° C, sulphate solutions as in the experi- 
ment of Fig. 3. Another record showed that the tension in 30 mm-K reached 
& maximum value of 3-2 kg/cm* and that with a maintained exposure to 30 mm-K 
the duration of the contracture was about 20 sec. 


The time course of the contraction during a maintained depolarization 
As is to be expected in a phasic muscle, the contraction wes not main- 
tained when the fibre was depolarized for periods longer than 5-30 sec. 
Figure 6 shows simultaneous recordings of membrane potential and tension 
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during a contraction produced by high [K]. The record starts with the 
fibre in a solution containing 190 mm-K and 3-6 mm-Cl; the membrane 
potential was close to zero. The fibre contracted when first put into high 
[K]. but had relaxed completely before the beginning of the record. On 
applying Ringer’s fluid (2-5 mm-K, 120 mm-Cl) the fibre repolarized to 
about —90mV. After 43 sec in Ringer’s fluid, 190-K 3-6-Cl was again 
applied ; the membrane potential fell rapidly to zero and the fibre deveioped 
a peak tension of 4-3 kg/cm?. The contraction was not maintained and 
after a few seconds the fibre was fully relaxed, in spite of the fact that the 
membrane potential remained close to zero. 


190 mm-K 25 mm-K 190 mm-K 


Fig. 6. Simultaneous records of membrane potential and tension for asap 


changes in solution 
190 mm-K 3-6 mm-Cl — 2-5 mu-K 120 mm-Cl 190 mm-K 3-6 mm-Cl. 


The peak tension developed was 4:3 kg/cm?. In this experiment the internal potential 
was recorded against an agar-Ringer electrode in the external solution. The 

_ dotted lines allow for the junction potential. (In the other experiments illustrated 
the effect of the junction potential was small or was eliminated by recording with 
a 3 M-KCl electrode in the external solution.) The fibre was impaled at zero time. 
On reapplying Ringer’s fluid after the end of the record the fibre repolarized to 
—75 mV, showing that the electrode had not been dislodged by the contraction. — 
Fibre C, diameter 62 », temperature 21° C. 


A characteristic feature of the contractures recorded from single muscle 
fibres is the rather sudden transition from a plateau, in which the tension 
fell slowly, to a rapid exponential phase of relaxation (Figs. 6, 7, 9 and 10). 
Occasionally the tension was constant during the plateau but a gradual 
decline was more usual. A decline in tension comparable to that in the 
plateau of the contracture was also seen if the fibre was stimulated at 
50 or 125/sec for more than a second. This gradual decline took place 
before the irregular fall in tension resulting from failure of action potentials 
had begun. 

Another interesting point about the contractures produced by high [K]o 
is that the duration of the plateau and the time constant of the phase of 
relaxation both shortened progressively as the potassium concentration 
was increased from 50 to 190 mm (Fig. 7). 
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A tentative explanation of the plateau and of the shortening of the 
contracture with increasing [K]o can be given in the following way. 
Suppose that depolarization releases an activator which is destroyed in a 
first-order reaction with a rate constant of about 30sec. A very brief 
depolarization of an action potential might then give a twitch lasting 
- 30-100 msec, whereas a maintained depolarization would lead to a con- 
traction lasting until the precursor of the activator was nearly exhausted. 


High [K]o mM-K (mV) 


| | 190 (+2) 


30 40) 

20 (- 50) 

10 (-65) 

2:5 (-95) 


Fig. 7. Tension resulting from sudden applications of high [K], and low [Cl]o. 
The chloride concentration was (300/[K],) mm, except with [K], = 190mm 
where there was 2-5 mm-Cl; solutions were of thé constant K, Cl product type 
(see Hodgkin & Horowicz, 1959, Table 1, F and G). Potentials were taken from 
Fig. 4 of that paper. The high-K low-Cl solutions contained some Na, but twitches 
were prevented by keeping the fibre in choline-Ringer’s fluid (2-5 mm-K, 120 mm- 


Cl) before switching on the test solution, Fibre J, diameter 106 u, temperature 
21°C, 


Since the depolarization produced by potassium concentrations greater 
than 50 mm is greater than the mean depolarization in a train of action 
potentials at a frequency of 100/sec, one would expect high potassium 
concentrations to raise the concentration of activator above the level 
required to saturate the contractile mechanism. On this basis the duration 
of the plateau is the time for the concentration of activator to fall from 
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a supramaximal to a maximal value, and the duration of the relaxation 
phase is the time for the concentration to fall from a maximal to a threshold 


value (Fig. 8). High potassium concentrations might shorten the con- 
tracture by promoting the rate of liberation of the activator from its 
precursor and by reducing the rate at which the precursor is resynthesized. 
If something like this is correct it should be possible to shorten the plateau, 
or to eliminate it altogether, by reducing the amount of precursor. 


Potassium 
concentration 


Precursor (P) 


— Saturation 


Activator (A) 
(enlarged scale) 


0 5 10 15 


Seconds 
Fig. 8. Diagram showing rise and fall of hypothetical ‘activator’ during a potassium 
contracture. The curves are drawn as 
Precursor (P) = 

Activator (A) = — ; 

End product = 1—(P+A4), 
where B = 30 sec-!; « = 1 sec~. Scale for (A) 29 times that for (P) or (Z). The 
equations were obtained by neglecting back reactions in the system: P*,A fz. 


Figure 9 illustrates an experiment suggested by this hypothesis. Curve Al 
shows the tension produced by applying 100 mm-K to a fibre which had 
been equilibrated in Ringer’s fluid (2:5 mm-K), whereas A2 shows the 
effect of applying 100 mm-K after the fibre had been recovering for a 
relatively short time (38 sec) in Ringer’s fluid. It will be seen that the 
second contraction is smaller, that it had no plateau and that it could be 
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superposed on the falling phase of the first contraction. These findings 
agree well with the idea that relaxation depends on the exhaustion ofa 
store of activator, but could no doubt be explained in other ways, for 
example, by assuming a constant level of activator and the slow develop- | 
ment of an inhibitory process. Similar results were obtained in a series 
of experiments with a higher potassium concentration (190 mM), provided 
the first exposure to high [K]o was short (Fig. 9B). However, if the first 
exposure was long, the relaxation after the second contraction was more 
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Fig. 9. Comparison of contractures produced by applying high [K] to resting 
fibres and to those recovering from previous exposure to high [K]. 

A. Fibre diameter ca. 50, temperature 20°C, A1, effect on resting fibre of 
replacing 2-5-K 120-Cl with 100-K 120-Cl. A2, same change in solution but 
applied when the fibre had been recovering in 2-5-K 120-Cl for 38 sec after removing 
100-K in record A 1. 

B. Fibre diameter 71», temperature 20° C. The potassium concentrations are 
shown on the figure. The 2-5-K solution was Ringer’s fluid (120-Cl) and the 190-K 
was an isotonic sulphate solution containing 3-6 mm-Cl. 

C. Same fibre and solutions as B. C1, application of 190-K 3-6-Cl to resting 
fibre. (2, application of 190-K 3-6-Cl to fibre recovering from C1 (115 sec in 
190-K 3-6-Cl followed by 18-5 sec in 2-5-K 120-Cl). 
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rapid than after the first (Fig. 9C) and the two curves were no longer 
superposable. Another example of the difference between the effects of 
long and short exposures to high [K], is mentioned on p. 400. 


The ‘steady’ relation between membrane potential and 
the state of the contractile system 


When single fibres are immersed in high [K], they contract and then 
relax completely. On returning them to low [K], they repolarize, and 
after a short time (usually 5-30 sec) they give a second contraction when 
reimmersed in high [K]o. The return of the contractile system or its 
activating mechanism to a resting condition will be referred to as the 
priming or repriming of the system and the converse process which causes 
relaxation in high [K], will be said to make the fibre mechanically 
refractory. 

The question considered here is the steady relation between the potassium 
concentration (or membrane potential) and the extent to which the 
contractile system is refractory. The experimental procedure is illustrated 

by Fig. 10. The contractures on the left were obtained by applying 190 mm-K, 

-2-5mM-Cl after the fibre had rested for 10 min in Ringer’s fluid. Im- 
mediately after these contractions the fibre was immersed for 1 min in a 
test solution containing xmM-K and (300/x) mm-Cl (see Hodgkin & 
Horowicz, 1959). After 1 min in the test solution 190 mm-K was applied 
for a second time. If the potassium concentration in the test solution was 
low the fibre contracted and the size of the second contracture was taken 
as an index of the amount of restoration. The records showed that there 
was no restoration in 40 mm-K, a little in 30 mm-K and practically complete 
recovery in 20, 10 or 2-5 mm-K. The reason for choosing an equilibration 
time of 1 min in the test solution was that recovery in 2-5 mm-K was very 
nearly complete in that period and that with a solution such as 30 mm-K 
the restoration reached a maximum at about 1 min and then underwent 
a slow decline. The decline may perhaps be a result of the very large rise 
in oxidative heat production which occurs when muscles are-immersed in 
solutions containing 20-30 mm-K (Hill & Howarth, 1957). 

Figure 11 gives the relation between the potassium concentration and 
the state of the contractile system. Probable values of the membrane 
potential are given by the lower abscissa. The filled circles are the height 
of the second contraction and the crosses the areas under the second 
contraction. The latter are considered to be a better index of the extent 
to which the contractile system has been restored. It will be seen that 
curve 3, which runs through the crosses, is a mirror image of the relation 
between membrane potential and initial tension (open circles, curve 1). 
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The initial-tension curve was obtained in the usual way by starting with 
the fibre in 2°5 mm-K, switching on z mm-K and measuring the height of 
the contraction in this solution. 


25 190 ‘ | t90mm-K 


25 


Fig. 10. Effect of allowing fibre to recover for 1 min in solution containing 
xmM-K and (300/x) mm-Cl on tension resulting from second application of 
190 mm-K. The sequence of solutions was: 2:5-K 120-Cl; 190-K 2-5-Cl; 2-K (300/z)- 
Cl; 190-K 2-5-Cl. All records were at the same gain; the peak tension in the 
first contracture was 4-1 kg/cm*; Fibre J, diameter 80 u, temperature 20° C. 


Recovery of twitches and repriming of the contractile system 
after a period in high [K]o 
Figure 12, record A, shows the effect of applying 190-K 3-6-Cl for 60 sec 
during a period when the fibre was being stimulated steadily at 0-78 shocks/ 
sec. The twitches were abolished by the high-K solution and did not 
reappear until 11 sec after restoring Ringer’s fluid. The recovery time 
varied with the duration of the exposure to high K; times as short as 
6 sec were observed after exposures of 3 sec, but if 190 mm-K was applied 
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for 3-10 min the recovery time might increase to about 1 min. The re- 
covery time also appeared to grow progressively longer as the fibre 
deteriorated. As one would expect, the recovery was quicker if concen- 
trations lower than 190 mm-K were used to depolarize the fibre. 

It was interesting to know if there was any relation between the recovery 
of twitch amplitude and the repriming of the contractile system. This 
could be done simply by reapplying 190 mm-K during the period when the 
fibre was recovering in 2-5 mm-K. 

Record B in Fig. 12 shows that when 190 mm-K was reapplied at a time 
when the twitch had nearly recovered it gave full tension but a contracture 
which was shorter than normal. Record C shows that when 190 mm-K was 
reapplied before the twitches had appeared it gave no contracture and 
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Fig. 11. Relation between potassium concentration and initial tension (curve 1) 
or degree of restoration (curves 2 and 3). 

The abscissa gives the potassium or chloride concentrations of the test solution 
on a logarithmic scale. The lower scale, which is approximately linear, gives 
‘probable values of membrane potential, taken from Fig. 4 of Hodgkin & Horowicz 
(1959). A correction for activity coefficient has been made in plotting the right- 
hand point (190 mm-K 2-5 ma-Cl) on the potassium scale. 

For curve 1 (Q) the ordinate is the initial tension on increasing K from 2-5 to 
«mM, relative to the maximum tension of 4 kg/cm*. (Except for the right-hand 
point [K] [Cl] = 300 (mm)* throughout.) 

For curve 2 (@) the ordinate is the tension in 190 mm-K 2*5 mm-Cl after 1 min 
recovery in « mm-K (300/x) mmo-Cl. 

For curve 3 (x) the ordinate is the area under the tension—time curve for the 
same contractures as in curve 2. The ordinates in curves 2 or 3 are given relative 
to the peak tension or area in the first contraction. Experimental details as in 
Fig. 10. 
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that when the twitch was small the contracture was small and brief. The 
conclusion is that the ability to give both twitches and contractures 
depends on the same underlying process. : 

One possible explanation of the simultaneous recovery of twitches and 
contractures is that the action potential recovers quickly and that both 
twitches and contractures are limited by the disappearance of the state of 
mechanical refractoriness. If this were so, there should be a large spike 
at a time when the fibre is still unable to contract. The expectation was 
not fulfilled, for all fibres tested were found to remain electrically in- 
excitable as long as they were mechanically quiescent. The first electrical 


25 190. 25mm-K 


2-5mm-K 
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Fig. 12. Records of tension during twitches and contractures. The fibre was 
stimulated throughout at 0-78/sec with a shock which was well above threshold 
in Ringer’s fluid. The external solution was either Ringer’s fluid (2-5 mm-K, 120 
mM-Cl) or 190 mm-K, 3-6 mm-Cl. All records at the same gain; the peak tension 
in the first contracture was 3-2 kg/cm*. Fibre B, diameter 71 1, temperature 20° C. 


responses, which were greatly reduced in amplitude and probably decre- 
mental, appeared at the same time as the first twitches and both then grew 
in amplitude. The delay in recovery of the spike was partly due to the 
slow return of the resting potential (Hodgkin & Horowicz, 1960) but this 
was probably not the full explanation. After being kept 10 min in 190-K 
3°6-Cl two fibres remained inexcitable for about 1 min in 2-5-K 120-Cl, 
although a resting potential of 70-80 mV was established in 20-30 sec. 
Apparently exposure to high [K], has some slow effect which can persist 
for a minute or two and which impairs both the electrical and the mechanical 
response of the fibre. It is unfortunate that shortage of time and the 


difficulty of the experiments prevented us from making any proper 
Investigation of this phenomenon. 
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DISCUSSION 
The size and rapid onset of the maximal potassium contractures in 


‘single muscle fibres strongly supports the conclusion of Kuffler (1946), 


Sten-Knudsen (1954) and Sandow (1955) that the event which normally | 
induces contraction is a change of membrane potential rather than a 
longitudinal current. With the present method there might be small 
longitudinal currents during the fraction of a second required to change 
solutions, but at longer times any longitudinal currents should be ex- 
ceedingly small compared with those in the propagated impulse. Never- 
theless, the tension generated with high [K], in an Na-free solution can 
remain for several seconds at about the same level as that in a maximal 
tetanus. Since the fibre relaxes when [K], is reduced and since a maximal 
contraction can be repeated many times, it cannot be argued that any 
irreversible effect is involved. 

The observation that the maximum contracture tension is about 10% 
greater than the maximal tetanic tension is new but not altogether 
surprising. At 19°C the mean depolarization associated with a 125/sec. 
train of spikes is 40-50 mV as against the steady depolarization of 60- 
100 mV produced by 100-190 mm-K (unpublished records and Hodgkin & — 
Horowicz, 1959). A quantitative comparison cannot be made until more 
is known about mechanical activation, but it does not seem unreasonable 
that the steady depolarization should be more effective, in spite of the 
higher peak reached in the train of spikes. 

There seems to be general agreement that in normal muscle fibres the 
strength of current, or the degree of depolarization, required to activate 
the mechanical system is not much greater than the threshold for the 
propagation of excitation (Ramsey & Street, 1938; Kuffler, 1946; Taylor, 
1953). Since the action potential normally arises at a potential.of — 45 to 
—60 mV (Fatt & Katz, 1951; Jenerick & Gerard, 1953) our value of about 
—50 mV for the contractile threshold is not unreasonable. Although it 
was difficult to obtain quantitative results, our experiments show that there 
is an extremely steep relation between tension and membrane potential 
in the region of the mechanical threshold. A sharp threshold might be 
expected if depolarization started an autocatalytic or regenerative 
reaction. However, there was evidence against any regenerative process, — 
for contractures were never ‘all-or-nothing’ and the tension varied con- 
tinuously and reversibly with membrane potential. A possible explanation 
of the steep relation is that there is no appreciable tension until one 
reaction initiated by depolarization overtakes another which has the 
opposite effect. (Something of this kind seems needed to explain latency 
Telaxation.) Alternatively it might be supposed that the fibre does not 
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develop measurable tension until many sites have been activated. An 
experiment which ought to be done is to see whether any motion, detectable 
with a high-power microscope, occurs at potassium concentrations which 
are just below the mechanical threshold. 

In the second part of the paper it is shown that contractures produced 
by potassium concentrations greater than 50mm consist of an initial 
plateau and a second phase in which the tension falls in an approximately 
exponential manner to its resting value. The durations of the plateau and 
the time constant of the relaxation shorten progressively as the de- 
polarization is increased. It is suggested that relaxation might be caused 
by the exhaustion of an activator, or by the accumulation of something 
produced by the activator, and that the brevity of the contractures in 
high [K]. may be due to release of activator at a rate which is wastefully 
high. | 

"The experiments show that a fibre which has relaxed in high [K]o can 
be restored to a condition in which it is once more able to contract by 
reducing the potassium concentration to less than 30 mm. Restoration of 
the contractile system usually occurs in under a minute and in the steady 
state the degree of restoration is related to membrane potential by an 
S-shaped curve which is roughly the mirror image of the curve relating 
initial tension to membrane potential. A tentative hypothesis is that 
reduction of the normal potential difference across the membrane liberates 
an activator which is used up in generating tension, whereas an increase 
in membrane potential prevents the activator being destroyed and allows 
its concentration in a store to be built up to a high level. 

Our experiments give no information about the localization of the 
hypothetical activator, but from the work of Huxley & Taylor (1958) it is 
conceivable that the electrical effect of the normal resting potential might 
be to concentrate a negatively charged particle in some part of the endo- 
plasmic reticulum (Porter & Palade, 1957; Huxley, 1959). On this basis 
depolarization would start a contraction by allowing an activating particle 
—possibly a negatively charged Ca complex—to move into the main part 
of the muscle, and the duration of the contraction might depend on the 
time taken to exhaust the activator stored in the reticulum. 


SUMMARY 
1. A sudden increase of the external potassium concentration, [K]o. 
from 2-5 to 100 mm-K caused a single muscle fibre to develop a tension of 
2-4 kg/cm? in a fraction of a second. 


2. The maximum contracture tension was about 1-1 times the maximum 
tetanus tension. | 


Me. 
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3. Development. of tension started at 20-30 mm-K and was related to 
log [K]o or membrane potential by a steep S-shaped curve. 

4, The membrane potential at which contractions started was usually 
about -50mV. 

5. The relation between membrane potential and tension was reversible 
and, with fibres in Na-free solutions, there was no evidence of a regenerative 
process. | 

6. When [K], was maintained at a high level the tension declined to its 
resting value along a characteristic curve consisting of an initial plateau 
and a subsequent phase of rapid relaxation. 

7.. The duration of the plateau and the time constant. of relaxation 
shortened progressively as the potassium concentration was increased. 

8. After a fibre had relaxed in high [K], it could be restored to a con- 
dition in which it was once more able to contract by reducing [K]o for 
10-30 sec below 20-30 mm. The degree of restoration was related to log [K]o 
(or membrane potential) ,by an S-shaped curve with a half-value at 20- 
25 mm-K (or —50to —45mV). 

9. When Ringer’s fluid was used to restore a fibre which had solaxed; in 
high [K]o, the action potential, twitches and the ability to give contrac- 
tures all returned at about the same time. as 
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This paper is concerned with two experiments suggested by the work of © 


Kahn & Sandow (1950) and Hill & Macpherson (1954) on the effect of 
nitrate in prolonging and increasing the twitch of skeletal muscle. Both 
sets of authors concluded that nitrate acted rapidly and that the onset of 
the effect in whole muscle was probably limited by the rate at which anions 
could diffuse through the interspaces. The experiments described here, 
which were carried out with single fibres, support this conclusion by 
showing that the increase in twitch amplitude occurs within a few seconds 
of replacing chloride by nitrate. However, since the effect of nitrate was 
slower than the effect of sodium on excitability, the slight delay observed 
with nitrate cannot be attributed to the time taken to change the ionic 
concentrations immediately outside the fibre. 

_ A possible explanation of the nitrate effect is that this anion reduces 
the depolarization needed to activate the contractile mechanism. If this 
is correct, the potassium concentration required to give a contracture 
should be reduced by nitrate. Kahn & Sandow (1955), who evidently had 
this idea in mind, showed that substituting nitrate for chloride increased 
and prolonged the contractures produced by 100 mm-K, but they did not 
describe the effect of nitrate on the mechanical threshold. The experiments 
reported here show that replacement of chloride with nitrate reduces the 


potassium concentration required to produce a given tension by a factor 
of 2-25. 


METHODS 


The experiments were carried out with single fibres from the semitendinosus muscles of 
Rana temporaria, using the method described by Hodgkin & Horowicz (1959). Except when 
recording membrane potentials, solutions were driven through the cell by syringes operated 
with compressed air (Hodgkin & Horowicz, 1960). 

Ringer’s fluid had the composition given under solution A, Table 1, of Hodgkin & Horo- 
wicz (1959). Br, NO,, I or SCN were substituted for Cl; K was substituted for Na or choline. 


* Present address: Department of Physiology, Washington University, St ‘Louis, 
Missouri, U. S ~A. 
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RESULTS 
The effect of nitrate and other anions on the twitch of single fibres 
The experiments to be considered first were designed to test the method 
of changing solutions and to see whether sodium ions had rapid access to 
the excitable membrane. Record A in Fig. 1, which illustrates the effect 
of flushing through the solution already in the cell, shows that the sudden 
flow of solution caused a slight reduction in the next twitch but that the 
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Fig. 1, Effect of sudden changes in solution on twitch tension. The solutions were 
changed by forcing 2-0 ml. through the cell in about 0-4 sec; the gaps in the record 
were caused by the rapid flow. 

A, Effect of control flush in which the solution already in the cell (Ringer’s 
fluid) was replaced with the same solution; stimulation frequency 1-56/sec. 

B, Effect of replacing Ringer’s fluid containing 120 mm-Na with similar solution 
containing 115 mm choline and 5 mm-Na; frequency 1-56/sec. 

O, Effect of replacing Ringer’s fluid containing 121 mm-Cl with similar solution 
containing 117-5 mm-NO, and 3-6 mma-Cl; stimulation frequency 1-56/sec. 

D, E, Consecutive records similar to C but with stimulation frequency of 
0:78/sec, 

The records were taken in the sie C, D, E, B, A; . shortly before C the tetanus 
tension was 2-9 kg/cm*. Fibre diameter 122; fibre stretched to 1-18 times slack 
length; temperature 19° C. 
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reduction was not large enough to obscure the time course of the nitrate 
effect. 
Record B in Fig. 1 shows the effect of an 8 sec application of a solution 


containing 115 mm choline and 5 mm-Na instead of Ringer’s fluid with 


120 mm-Na. Since the train of twitches was interrupted abruptly when 
Na was removed and recovered at once when Na was restored it is clear 
that the solution was changed quickly and that sodium ions had rapid 
access to the membrane. A rough estimate based on measurements of the 
blocking time in 5 mm-Na (about 0-6 sec) and of the concentration of Na 
needed to maintain the action potential (about 20 mm) is that external 
sodium ions disappeared with an exponential time constant of less than 
0-3 sec. 


While investigating the action of Na-deficient Ringer’s fluid containing choline, we came 
across @ curious effect for which there is no obvious explanation. As is clear from Fig. 1, 
Record B, the twitch recovered abruptly when Na was restored. However, if the fibre was 
subjected to a brief tetanus immediately after the period in choline-Ringer the tetanus 
tension was less than half its normal value and a full recovery did not occur until 5-10 sec 
after Na had been replaced. Apparently replacement of Na with choline has some additional 
effect which takes longer to wear off than its action on excitability. 


Records C, D and £ in Fig. 1 illustrate the action of NO, on a train of 
twitches; in C the fibre was stimulated at 1-56/sec and in D and E£ at 
0-78/sec. In this fibre, which had a diameter of 122 u, the exponential time 
constant was 3-4 sec for the on-effect (Cl > NO,) and 2-3 sec for the off- 
effect (NO, > Cl). The mean time constant in five fibres, which had a 
mean diameter of 94, was about 2 sec for the on-effect and about 1-5 sec 
for the off-effect. The time constant sometimes varied during the experi- 
ment and was shortened by stimulation at 1-56/sec for several minutes. 
If allowance was made for the transient reduction in twitch amplitude 
caused by the sudden flow of solution (the reduction was sometimes 
greater than in Fig. 1A) both the on-effect and the off-effect deviated 
from exponentials in the sense that the initial part of the curve was too 
steep. Another complication was that the twitch sometimes increased 
progressively in nitrate and when chloride was replaced it did not return 
to its former amplitude unless the fibre was rested. 

_ Confirming previous workers (see Kahn & Sandow, 1950) we found that 

the potentiating effect of the anions investigated followed the sequence 
Cl < Br-< NO, < I < SCN. Again confirming a previous suggestion 
(Hill & Macpherson, 1954), high concentrations of iodide and more particu- 
larly of thiocyanate were found to cause an increase in twitch amplitude 
which was only partially reversible. The time constant with which the 
twitch height increased appeared to be about the same for all the anions, 
although irreversible effects made it difficult to estimate the time constant 
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when high concentrations of I or SCN were employed. A solution con- 
taining 12 mm-SCN and 108 mm-Cl gave about the same increase in twitch 


as one containing 120 mm-NOQ,. 


Effect of NO, and SCN on potassium contractures 


; The most obvious effect of nitrate on contractures was that it reduced — 
the concentration at which potassium caused the muscle fibre to contract. 

This is illustrated by Fig. 2. Record A shows the effect of increasing [K]. 
at constant [Cl], from 2-5 to 20 mm-K for 20 sec; there was no appreciable 
contraction. In record C a concentration of 20 mm-K again gave no increase 


25. 2:5.mm-K 
B | 
2:5 
0 ee 30 40 50 0 
Seconds 


Fig. 2. Effect of replacing chloride with nitrate on tension developed at different — 
potassium concentrations. The chloride solutions contained 121 mm-Cl, the nitrate 
solutions containing 117-5mm-NO, and 3-6mm-Cl. Potassium concentrations © 
are shown on the records; [Na]+[K] = 120 mm throughout, Fibre diameter 77 p, 
sarcomere length 3-2 u, temperature 18° C. The scale applies to all records. 


in tension, but on raising the concentration to 50 mm the fibre rapidly 
developed-a tension equal to 2:0 kg/cm?. In this fibre, which had been set 
up with a sarcomere length of 3-2, the maximum tetanus tension was 
also about 2kg/em*. If the potassium concentration had been kept at 
50 mm the fibre would probably have remained contracted for 20-40 sec 
before relaxing spontaneously. Such prolonged contractions often damage 
the ‘ibre irreversibly and should be avoided if possible. The contraction 
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was therefore cut short after 6 sec by lowering [K] from 50 to 2-5 mm. This 
led to a prompt relaxation. Record B shows the effect of applying 
20 ma-K in the presence of nitrate instead of chloride. Under these 
conditions 20 mm-K gave a maximal contraction which resembled that 
produced by 50 mm-K in the presence of 120 mm-Cl. 

Figure 3 illustrates the effect of NO, in a different way. Starting with 
the fibre in chloride-Ringer’s fluid, [K], was first raised to 20 mm. This 
caused no contraction but on replacing Cl with NO, without any change 
in K the fibre developed substantial tension. In these experiments the 
tension rose and fell with a delay of 1-2 sec; this seems consistent with 


2:5 mu-K—>| ——20mm-K —> 
cl ——>|—NOo;—| — cl > 


0 10 20 30 40 50 60 70 80 
Seconds 


Fig. 3. Effect on tension of changing from chloride to nitrate at a constant 
potassium concentration of 20mm. Same fibre and solutions as in Fig. 2. In 
other experiments of this kind the peak tension immediately after the change 
NO, — Cl often exceeded the steady tension in NO,. 


the conclusion from the twitch experiments that nitrate does not act 
instantaneously. Further evidence was provided by the observation that 
the change 2-5mm-K 120 mm-NO, > 20mm-K 120 mm-Cl produced a 
transient rise in tension, although 2-5mm-K 120 mm-Cl > 20 mm-K 
120 mm-Cl did not. Presumably the nitrate effect lasted long enough for 
it to cause tension when 20 mm-K 120 mm-Cl was applied. 

Records similar to those in Fig. 3 were obtained in experiments with 
12 mm-SCN 108 mm-Cl instead of 120 mm-NO,. In one of these experi- 
ments all the Na was replaced by choline. Since the result was the same 
it is clear that the action of SCN did not depend on a change in electrical 
threshold or on the presence of Na in the external medium. 

The effects of replacing nearly all the chloride with nitrate, or 10% of it 
with thiocyanate, are illustrated by Fig. 4 (NO,) and Fig. 5 (SCN). The 
results are roughly fitted by assuming that the foreign anion increases 
the effectiveness of potassium by a factor of 2:7 (NO,) or 2-1 (0-1-SCN). 
The apparently greater effectiveness of NO, may be misleading, since the 
fibre of Fig. 4 had a higher potassium threshold in chloride than the fibre 
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of Fig. 5. Incomplete data on another fibre which had a potassium 
threshold similar to that in Fig. 5 indicated that nitrate increased the 
effectiveness of potassium by a factor of 2-0. 


Tension (kg/cm?) 
O 


9 
o- 
2 4 10 20 40 100 
mm-K 


Fig. 4. Effect of nitrate on tension induced by different potassium concentrations. 
©, 121 mm-Cl; @, 117-5 mm-NO,, 3-6mm-Cl. Same fibre and solutions as in 
Fig. 2. The numbers show the order in which the measurements were made; the 
fibre was allowed to rest in Ringer’s fluid for 10-20 min between exposures to 
high [K]. Semi-log scale. 


Electrical measurements 
The action of nitrate on the threshold concentration of potassium might 


. arise from a shift in the mechanical threshold or from an alteration in the 


depolarization produced by potassium ions. One way of deciding between 
the two possibilities is to measure the membrane potential during experi- 
ments of the kind illustrated in Figs. 2 and 3. This was not easy. Contrac- 
tion of the fibre frequently dislodged the electrode, or, if the electrode 
remained in position, the fibre was often damaged irreversibly. However, 
from the few successful experiments which were carried out it appeared 
that the difference in membrane potential between 20 mm-K 120 mm-Cl 
and 20 mm-K 120 mm-NO, was not more than a few millivolts. In some 
experiments the resting potential appeared slightly higher in nitrate, but 
this may have been an artifact since the resistance of the electrode often 
increased during a contraction and there may have been a change in tip 
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potential. If a change in membrane potential is ignored the shift in the 


tension-log [K], curve indicates that replacing chloride with nitrate 


moves the tension-membrane-potential curve about 15 mV towards the 
resting potential. Tentative figures for the mechanical threshold are 
—50 mV in chloride and —65 mV in nitrate. From measurements with 
applied currents, Hutter & Padsha (1959) concluded that the mechanical 
threshold in nitrate was —65 to —75mV; they did not measure the 
threshold in chloride but indicated that it was near the electrical en 
and therefore —" about —55 mV. 
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Fig. 5. Effect of 12 mm-SCN on tension induced by different potassium con- 
centrations. ©, 121 mm-Cl; @, 12mm-SCN 109mm-Cl. Fibre diameter 92 yn, 
sarcomere length 3-0 4, temperature 17°C. Semi-log scale. 


The absence of any appreciable change in membrane potential on switching from 20 mu-K 
120 mm-Cl to 20 mm-K 120 mm-NO, is rather surprising. Since the nitrate conductance of 
the membrane is lower than the chloride conductance (Hutter & Padsha,; 1959) potassium 
ions should cause a slightly larger depolarization in nitrate. An effect of this kind was seen 
when a fibre which had been in 100 mm-K 120 mM-Cl for a minute was treated with,100 mm- iX 
120 mm-NO,. Under these conditions replacing chloride with nitrate caused a reversible 
depolarization from —25 to —18mV. These measurements were made shortly after the 
fibre had relaxed and the absence of a similar change at 20 mu-K may have something to 
do with the fact that the fibre was contracted in nitrate but relaxed in chloride. 
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_ Telation between tension and membrane potential. On this basis the 
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DISCUSSION 


The main results to be considered are that anions like NO, or SCN 
caused a rapid but not instantaneous increase in twitch amplitude and 
that they reduced the concentration of potassium needed to give a 
contracture. The delay of 1-3 sec in the effect of anions on a series of 
twitches was several times longer than that expected from the blocking 
action of Na-free solutions and could not easily be attributed to diffusion 
through an unstirred layer outside the fibre. The alteration in contracture . 
threshold appeared to depend mainly on a shift towards the resting 
potential of the curve relating tension to membrane potential. — 

Since the order in which the anions act (CNS > I > NO, > Br > Cl) 
corresponds to their adsorbability (Sollner, 1949, p. 1221) it is attractive 
to suppose that the alteration of electric field which might result from 
adsorption is responsible for the shift in the relation between tension and 
membrane potential. Some years ago, Mr A. F,. Huxley suggested that 
calcium ions might raise the electrical threshold by adsorption at the 
outer edge of the membrane (see Frankenhaeuser & Hodgkin, 1956). 
Adsorption of an external anion should have the opposite effect and might 
reduce both electrical and mechanical thresholds. The experiments of 
Hutter & Padsha (1959) indicate that both thresholds are reduced by 
nitrate, but that the effect on the mechanical threshold is greater than 
that on the electrical threshold. This is not necessarily an objection, 
since the parts of the membrane concerned with propagation and mechanical 
activation might be spatially separated and might have different affinities 
for anions. Thus the sites responsible for the action potential are likely 
to be on the surface, whereas those concerned with activating the contrac- 


reticulum (see Huxley & Taylor, 1958). Although this last suggestion is 
highly speculative it does have the advantage of explaining why the 
effects of NO, on twitch amplitude are slower than those of Na on 
propagation. 

Hutter & Noble (1960) suggested that the effect of foreign anious on 
the twitch may be partly due to their action in prolonging the spike and 
after-potential and in increasing the amplitude of the after-potential. 
Our experiments suggest that an additional factor, which is likely to be 
at least as important, is the shift towards the resting potential of the 


potentiating effect. of foreign anions on the twitch could be attributed 
partly to increased activation during the spike and partly to a reduction 
of the mechanical threshold below the level of the after-potential. 

Hill & Howarth (1957) showed that a rise in potassium concentration 
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caused a large increase—up to 30 times—in oxidative heat production. 
With Cl-Ringer’s fluid the effect started at about 10 mm-K and reached 
@ maximum at 20-mm-K; with NO,- or I-Ringer, K was effective at 50- 
70%, of the concentrations needed in solutions containing chloride. There 
is thus a striking but not an exact parallel between the effects of increasing 
K on the contractile system and on the rate of heat production. In both 
cases foreign anions augment the effect of K, but the concentrations at 
which K first has a detectable effect are higher for the mechanical than 
for the metabolic response. As Hill & Howarth remarked, it seems that 
a depolarization somewhat less than that required to induce contraction 
can release some of the chemical reactions that are normally set in motion 
by excitation. 
SUMMARY 

1. In confirmation of previous work on whole muscle, the potentiating 
effect of anions on the twitch of single muscle fibres was Cl < Br < 
NO, < I < SCN. : 

2. The effect of the anions on twitch amplitude took place with a delay 
of 1-3 sec. 

3. 120 mm-NO, or 12 mm-SCN reduced the potassium concentration 
required to induce a given tension by a factor of about 2. 

During the period of the investigation one of the authors (P.H.) held a National Science 
Foundation Fellowship and a National Research Council Fellowship for which funds were 
provided by the Rockefeller Foundation. 


The expenses of the work were met by grants from the Rockefeller and Nuffield Founda- 
tions to whom we wish to express our thanks. 
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ERRATUM 
Barour, W. E. & Tunnicuirre, H. E. (1960). 
J. Physiol. 153, 179-198. 


P. 196, 1. 3 of Summary: the insertion ‘(TBP)’ was added as the 
result of an error in the editorial office and should be deleted. 


yo very CULISUGIIT- 

volume intiow as previously described (Duke, 1951). ‘Gas mixtures ai for se ehore were 
made by the British Oxygen Company and were contained in Douglas bags which were 
attached to the pump. The lungs were ventilated either with air or with N,. The period during 
which the lungs were exposed to hypoxia varied between 3 and 25 min but was usually 
10-15 min. In one experiment 5% O, in N, was used instead of N,. In three experiments 
7% CO, in air was used instead of air and the change was made to 7% vis in N,; in the 
remaining five experiments the change was made from air to N,. 
The initial volume of the perfusate varied between 104 and 160 ml. In order to obtain 
enough perfusate to allow for taking numerous blood samples additions had to be made to 
the blood collected from the animal. In two experiments heparinized blood from a donor cat 
‘was used, in two other experiments Ringer—Locke solution 25 ml. was added to 79 or 98 ml. 
blood. In three experiments 30 ml. Dextran (Intradex, Glaxo) was added to the blood 
(110-120 ml.) before starting the experiments. The pump output varied from 44 to 83 ml./ 
kg body wt./min in different experiments and the total volume of the perfusate would have 


ments, This time is slightly underestimated because no allowance could be made for the 
initial volume of blood in the lungs. 
Mean pulmonary arterial pressure wus measured with a manometer filled with 0-9 % NaCl 
solut tion, the zero of which was arranyed to be approximately 1 cm posterior to the mitral 
vaive. The pressure was recorded with a sm:Ji-capacity tambour. Changes in lung blood 
volume were measured by recording changes in the volume of blood in the venous reservoir. 
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caused a large increase—up to 30 times—in oxidative heat production. 
With Cl-Ringer’s fluid the effect started at about 10 mm-K and reached 
@ maximum at 20-mm-K; with NO,- or I-Ringer, K was effective at 50- 
70° of the concentrations needed in solutions containing chloride. There 
is thus a striking but not.an exact parallel between the effects of increasing 
K on the contractile system and on the rate of heat production. In both 
cases foreign anions augment the effect of K, but the concentrations at 
which K first has a detectable effect are higher for the mechanical than 
for the metabolic response. As Hill & Howarth remarked, it seems that 
a depolarization somewhat less than that required to induce contraction 
can release some of the chemical reactions that are normally set in motion 
by excitation. 
SUMMARY 
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Hypoxia has been shown to produce an increased pulmonary arterial 
pressure in the anaesthetized cat (von Euler & Liljestrand, 1946; Logaras, 
1947). An increase in pulmonary vascular resistance also occurs in isolated 
perfused cat lungs (Nisell, 1948; Duke, 1951, 1954, 1957; Duke & Killick, 
1952) and in the perfused left lung preparation of the anaesthetized cat 


_ (Duke, 1954, 1957) in response to substituting a gas mixture of low oxygen 


content for air. The experiments now reported were performed in order to 
test the hypothesis (Liljestrand, 1958) that hypoxia acts on the pulmonary 
blood vessels by liberation of lactic acid and thereby may cause a local 
regulation of the relation between blood flow and ventilation. 


METHODS 
Isolated cat lungs were set up and perfused through the pulmonary artery at constant- 


~ volume inflow as previously described (Duke, 1951). Gas mixtures used for ventilation were 
_ made by the British Oxygen Company and were contained in Douglas bags which were 


attached to the pump. The lungs were ventilated either with air or with N,. The period during 
which the lungs were exposed to hypoxia varied between 3 and 25 min but was usually 
10-15 min. In one experiment 5% O, in N, was used instead of N,. In three experiments 
7% CO, in air was used instead of air and the change was made to 7 % CO, in N,; in the 
remaining five experiments the change was made from air to N,. 

The initial volume of the perfusate varied between 104 and 160 ml. In order to obtain 
enough perfusate to allow for taking numerous blood samples additions had to be made to 
the blood collected from the animal. In two experiments heparinized blood from a donor cat 
was used, in two other experiments Ringer—Locke solution 25 ml. was added to 79 or 98 ml. 
blood. In three experiments 30 ml. Dextran (Intradex, Glaxo) was added to the blood 
(110-120 ml.) before starting the experiments. The pump output varied from 44 to 83 ml./ 
kg body wt./min in different experiments and the total volume of the perfusate would have 
made a complete circuit at times varying from 30 sec to 1 min 30 sec in different experi- 


_Ments. This time is slightly underestimated because no allowance could be made for the 


ini‘ial volume of blood in the lungs. 

Mean pulmonary arterial pressure wus measured with a manometer filled with 0-9% NaCl 
solution, the zero of which was arranyzed i« be approximately 1 cm posterior to the mitral 
vaive. The pressure was recorded with a sm:Ji-capacity tambour. Changes in lung blood 
volume were enemies by recording changes in the volume of blood in the venous reservoir. 
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Under the conditions of these experiments this record shows inverse changes in lung blood 
volume (Daly, 1938). 

Samples of blood were drawn anaerobically from the tubing leading from the left auricle. 
Lactate, pH, O, content, and haemoglobin were determined in these samples with as little 
delay as possible. 

Lactate was determined by the method of Barker & Summerson (1941); ten determina. 
tions by this method on a single sample of blood showed a standard orien of 1-0 mg from 
the mean percentage value. Total haemoglobin was determined spectrophot trically ; 
0-05 ml. blood was mixed with 10 ml. 0-1 % Na,CO, solution, and moist coal | gas was bubbled 
through the mixture. The percentage transmission of this solution of carboxyhaemoglobi: 
was read at a wave-length of 569 my (Hunter, 1951). The O, content of the blood was deter- 
mined by the micro-method of Scholander & Roughton (1943). 

Blood pH was determined at 37° C with the micro-electrode described by Joels & Mac- 
Naughton (1957), using either a Marconi pH meter, or a direct reading meter made by 
Electronic Instruments. The determination was usually made within 5 min of taking the 
sample, but during one experiment this was not possible owing to the necessity of checking 
drift on the pH meter; the maximum delay caused was 30 min and the samples were kept 
at room temperature during this time. The change in pH under these conditions was negli- 
gible; pH determinations made on‘a sample of heparinized cat blood at 10 min intervals 
confirmed that the earliest detectable change occurred 40 min after the sample was taken. 
It is difficult to assess the error of the method of pH determination on blood samples, but 
from repeated determinations of the pH of standard buffer solutions the error appeared to 
be + 0-02. 

Blood oxygen tension was calculated from O, content, O, capacity and O, saturation of 
blood samples by using dissociation curves for cat’s blood (Duke & Stedeford, 1959). 


Sodium bicarbonate and lactic acid solution were injected into the tubing between the left © 


auricle and venous reservoir. : 
_ RESULTS 
Response to hypoxia 

Pulmonary arterial pressure. In twenty-one tests out of twenty-two the 
pulmonary arterial pressure (PAP), increased when the lungs were 
ventilated with N, instead of air or 7 % CO, in N, instead of 7 % CO, in air. 
In one test the PAP was unchanged (Fig. 1). The maximum pressure rise 
was 75% of the initial value but increases of about 30% were the most 
usual. In most, but not all, of the tests the pressure had reached a new 
stable level before the end of the hypoxic period. It was noticed that in 
most experiments the magnitude of the pressor response to hypoxia in- 
creased with time during the experiment. The one test in which no response 
occurred was the first test of an experiment in which pressor responses of 
average size were later obtained. In six tests the pressor responses to 
hypoxia occurred in the absence of changes in tidal air overflow volume. 
In the other tests (one of which is shown in Fig. 2) changes of from 
+3-0 ml. to —2-5 ml. were observed. 

Blood pH. In fifteen tests out of twenty-two the pH of the left auricule? 
blood was increased during hypoxia, in six of the tests the change in p!! 
was within the. limits of error of the determination ( + 0-02) and in one :! 
decreased (see Fig. 1). There was apparently no relationship between tl» 
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magnitude of the pressor response in different preparations and the change 
in blood pH. Nor was there any clear indication that in the same pre- 
paration the percentage change in pressure was related to the degree of 


OL 


OL 


PAP % change 


OL 


—20 
Fig. 1. The relationship between percentage change in pulmonary arterial pressure 
(ordinate) and change in pH of the left auricular blood (abscissa). Changes produced 
O at the end of a period of hypoxia; Ol after addition of lactic acid; @ after 
addition of sodium bicarbonate; © during inhalation of 100% CO instead of air; 
® during inhalation of 20% CO instead of air. 


There was also no apparent relationship between the initial pH of the 

_ left auricular blood and the magnitude of the pressor response in different 

preparations (Fig. 3). There was no constant relationship between the pO, 

of the left auricular blood during hypoxia and the change in pH, but in 

three of the six tests in which there was no significant change in pH the 
27-2 
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pO, of the perfusate remained relatively high (above 40 mm Hg compared 
with the usual 10-25 mm Hg). 

Lactate. Blood lactate was measured about 1 min before changing from 
air to N, ventilation, just before the end of N, ventilation, and again after 
changing back to air. In a total of nineteen tests the lactate concentration 


BT.AO. (ml.) 


V.R.V. (ml.) 


Fig. 2. The effects of changing the ventilating gas mixture from air to N,. Cat 
3-2 kg. Perfusion started at 11.05 a.m. (240 ml./min). During signal (12.22 to 
_ 12,29 p.m.) the lungs were ventilated with N, instead of air. At S approx. 5 ml. 
blood taken as sample. T.A.O. = tidal air overflow volume at 7 cm H,O; V.R.V. 
= change in venous reservoir volume; PAP = pulmonary arterial pressure. Time 
marker, 10 sec. 
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was increased in eight, decreased in five and unchanged in six. The maxi- 


_ total volume. In other experiments lactic acid was added to the per- 


_ pulmonary arterial pressor response with time, and the progressive rise in 
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mum increase in rate of change of lactate concentration during hypoxia 
eompared with the control was 1-6 mg/100 ml./min and the maximum 
decrease was 1-9 mg/100 ml./min. 

It was clear that there was a progressive increase of the blood lest 
concentration during each experiment and that any changes due to 
hypoxia were superimposed on this. This increase in blood lactate was usually 
rapid in the early stage of perfusion, and became slower as the duration of 
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Fig. 3. The effect of the initial pH of the left auricular blood on the percentage in- 
crease in pulmonary arterial pressure in response to hypoxia. | 


perfusion increased. In several experiments it was necessary to add 
Dextran or Ringer—Locke solution to the perfusate to maintain a sufficient 


fusate. Only three experiments provided a long period of perfusion without 
additions to the perfusate, and the mean rate of lactate increase is shown 
for these experiments in Table 1 (a). 

The results for a typical experiment are shown in Fig. 4 in which mean 
PAP, blood lactate and blood pH are plotted against time. The increasing 


blood lactate can be seen. In’ this experiment there was an increase of 
blood pH and a slight increase of blood lactate with hypoxia. 
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Blood oxygen tension. Immediately before the end of the hypoxic period 
the pO, of the blood from the left auricle was usually 10-25 mm Hg. 
Since the total volume of fluid in the system was perfused through the 
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TaBLE 1. (a) Lactate formation in blood during perfusion through lungs — 


Lactate (mg/100 ml. blood) 


Time 


Duration 
re) Increase 
Amount perfusion Initial Final ( mg/100 ml./ 
Perfusate (ml.) (min) value value min) 
30 144 14-1 50-2 0-25 
Blood 83 0: 
+ blood 77 191 18-4 61-0 0-22 
Blood 85 
+ donor blood 70 116 92-0 0-50 
(b) Lactate formation in blood in vitro at 37° C 
Lactate Lactate 
Tonometer Time (mg/100 ml. increase 
gas (min) blood) (mg/100 ml./min) 
Air 0 
120 42-3 ae 
146 46-0 : 
202 70-5 
Air 207 120 0-20 
80 
78 
76h 
72 - 
70 
&% 0 
a 30 1 
3 
72:00 12:30 700 730 200 


Fig. 4. The effects of hypoxia in isolated perfused cat lungs. Cat 2-5kg. Blood 
flow 180 ml./min. Perfusion begun at 11.00.a.m. Positive pressure respiration 
with air. Periods of N, ventilation are indicated. At first two arrows addition of 
20 ml. dextran to perfusate ; at third arrow addition of 1 ml.N lactic acid to perfusate. 
@ pH of perfusate; © lactate content of perfusate; x mean pulmonary arterial 
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lungs in a time varying between 30 sec and 1 min 30 sec in different pre- 
parations, it would be expected that the pO, of the pulmonary arterial 
blood would decrease part passu with that of the alveolar air and the left 
auricular blood. Studies made on other preparations perfused in similar 
circumstances (H: N. Duke, unpublished observations) have shown that 
the pO, of the pulmonary arterial blood differs little from that of the left 
auricular blood. There was no apparent relationship between the size of 
the pressor response to hypoxia and the change in blood pO, either in the 
same preparation at different times or in different preparations. 

In twelve tests in which the pO, of the left auricular blood was between 
10 and 25 mm Hg the percentage increase in PAP varied from 4 to 75; 
in six tests in which the pO, was between 25 and 50 mm Hg, the percentage 
increase in PAP varied from 12 to 59. : 

Addition of lactic acid and sodium bicarbonate. In six tests 0-25-1-0 ml. 


_ N lactic acid was added to the perfusate in the venous reservoir. This 


caused a rise in PAP and a reduction of left auricular blood pH (Fig. 1). 
The increase in PAP was more sustained than during the hypoxic tests, 
probably because the stimulus could not be withdrawn. 

In five tests sodium bicarbonate was added in solution to the venous 
reservoir in amounts varying from 50 to 100 mg. In three tests the pul- 
monary arterial pressure was slightly increased, in one test it was decreased 
and in one test it was a In all the tests the blood pH was - 
increased (Fig. 1). 

Carbon monoxide. In two tests CO was used to ventilate the lungs instead 


- of air. In both tests the PAP was decreased (Fig. 1). With 20% CO in air 


the blood pH was increased and with 100% CO the blood pH was de- 
creased, although the changes in pH are of doubtful’ significance, since 
they are very near to the limits of error of the method. 

Lactate accumulation in blood in vitro. In view of the gradual increase in 
the lactate content of blood during lung perfusion it was decided to in- 
vestigate changes in blood lactate during rotation of blood in a tonometer 
at 37°C. Cat blood was used, drawn and heparinized in the same way as 
for the lung perfusion. Lactate was determined before placing the blood 
in the tonometer, and subsequent samples were withdrawn for lactate 
determination at intervals of approximately 30 min. After 2 hr the air in 
the tonometer was replaced by N, and the lactate determinations continued. 
After another hour the N, was replaced with air and lactate determinations 
again continued. The saturation of the blood with O, fell to about 10% 
when the tonometer contained N). 

The lactate in the blood increased under these conditions (Table 1 6). 
The change from air to N, was associated with an increased rate of rise of 
lactate in one experiment; in the second experiment it seemed to have 


Le 
q 
a 


420 _ HELEN N,. DUKE AND OTHERS 


little effect. The rate of increase of lactate in vitro was of the same order of 
magnitude as the rate during lung perfusion. 


DISCUSSION 


Liljestrand (1958) found that the pulmonary arterial pressure might 
show either a rise or a fall in response to hypoxia in isolated lungs of cats 
perfused through the pulmonary artery at constant volume inflow. The 
former effect was associated with a decrease in pH of the left auricular 
blood and the latter effect with an increase in blood pH. The results were 
unaffected by the addition of 5% CO, to both gas mixtures. The results 
now reported do not confirm this dual response and this accords with 
previous observations in similar preparations (Duke, 1951, 1954, 1957; 
Duke & Killick, 1952). Ventilation of the lungs with N, or with mixtures 
containing less than 10% O, caused a rise in pulmonary arterial pressure 
whether the pulmonary arterial blood was fully saturated with O, or 
whether the pO, in this blood was reduced concomitantly with that of the 
alveolar air by recirculation of the blood (Duke & Killick, 1952; Duke, 
1954). The almost invariable finding in the present series of experiments 
has been an increase of pulmonary arterial pressure in response to hypoxia. 
This was usually associated with an increase of the left auricular blood pH 
but the pressor response did not appear to depend either on the initial 
blood pH or on the extent or direction of the change in blood pH. The extent 
of the pressor response appeared unrelated to the pO, in the left auricular 
blood, which under ihe conditions of perfusion differed little from the pO, 
of the pulmonary arterial blood. Addition of 7% CO, to the air or N, 
which was used to ventilate the lungs did not appear to influence the 
results. 

In the present series of experiments the blood used for perfusion was 
diluted with blood from a donor animal, dextran or Ringer—Locke solution. 
The latter solution was used by Liljestrand (1958). No difference was 
noted in the results in consequence of these varying procedures. 

The increase in lactate concentration of the perfusate during the course 
of each experiment was a constant and striking feature of the present 
experiments. Equilibration of cats’ blood with air or N, at 37° C for several! 
hours also led to an increase in the concentration of lactate in the blood 
and the final blood lactate concentration was similar to the concentration 
reached in the perfusate of isolated lungs after a similar time interval. In 
one of the tests the concentration of lactate in the blood increased more 
rapidly when the blood was exposed to N, than when it was exposed to air, 
but in the other test the increase in blood lactate occurred at a similar 
rate with air and N,. This is in agreement with the findings in the perfused 
lungs in that hypoxia of the perfused lungs did not invariably lead to a 
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rise in the concentration of lactate in the perfusate. The tension of CO, in 
these in vitro experiments was not measured but experience with cats’ 
blood in similar circumstances would lead one to believe that the CO, 
tension was 2-4 mm Hg (Duke & Stedeford, 1959). 

The rise in blood pH found in the present series of experiments as a 
result of hypoxia may be associated with the change of oxyhaemoglobin 
to reduced haemoglobin in the perfusate. Values for the change in pH 
produced by this are not available for cat blood, but those for horse haemo- 
globin given by German & Wyman (1937) make this a reasonable explana- 
tion. Dill, Daly & Forbes (1937) found the effects of oxygenation of 
haemoglobin on pK’ to be of the same order of magnitude for ox and for 
human haemoglobin, and the few values they give for dog haemoglobin are 
similar. It would seem, therefore, that species differences in this respect 
are not large. It is of interest that the percentage of reduced haemoglobin 
in the perfusate in the tests accompanied by an increase in pH was usually 
high (mean 81-4%), while it was unusually low (23-43 %) in three of the 
six tests unaccompanied by a change in pH. 


SUMMARY 
1. Ventilation of isolated perfused cat lungs with N, or 7% CO, in N, 
instead of air or 7% CO, in air causes a rise in pulmonary arterial pressure 
in preparations perfused at constant volume inflow. 
2. The most usual effect of hypoxia was to produce a small increase of 


pH in the perfusate. 


3. The pressor response did not appear to be dependent on changes in 
pH or lactate concentration of the perfusate. 


_ The authors wish to thank Dr R. D. Stedeford and Mrs M. W. Duckworth, who assisted 
in some of the experiments. Mrs Marion Nixon gave invaluable technical help. Part of the 
apparatus was bought with a erect (to H.N.D.) from the Central Research Fund of London 
University. 
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_ The term Factor I refers to the substance or substances in brain which 
inhibit impulse generation in the stretch receptor neurones of crustaceans 
(Florey, 1954). Gamma-aminobutyric acid (GABA) shows strong Factor I 


_ activity, can account for most of the activity in whole brain, and exerts 


marked effects on the physiological activity of brain and other organs 
(see Elliott, 1958; Elliott & Jasper, 1959). 
In previous publications (Elliott & Florey, 1956; Elliott & van Gelder, 
1958) it was shown that much of the Factor I in brain is present in a bound 
or occult form from which it is released by heat, suspension in hypotonic 
medium, or mild acid or alkali. In the present studies an attempt has been 
made to ascertain the significance of the difference between free and occult 
Factor I, to determine whether drug-induced changes in the GABA content 
o: brain can be correlated with changes in Factor I content, and to determine 
the effects of drugs on the proportions of the free and occult forms of the 
Factor. | 

No definite conclusion could be drawn about the intracellular localiza- 
tion of occult Factor I, since this factor is released when brain tissue is 
suspended in media which are commonly used for the separation of sub- 
cellular particles. Decreases in the GABA content of brain have been 
found after administration of hydrazide (Killam & Bain, 1957) and insulin 
(Cravioto, Massieu & Izquiero, 1951), and increases after hydroxy]!- 
amine administration (Baxter & Roberts, 1959). Substances other than 
free GABA are apparently present in brain and exert Factor I activity 
(McLennan, 1957, 1959) and effects of a variety of other inhibitory sub- 
stances have been described (see Elliott & Jasper, 1959) but the present 
work shows that the changes in chemically-determined GABA content are 
paralleled by changes in Factor I activity. It is also shown that hypoxia 
and iproniazid cause changes in Factor I activity. The agents which 
decrease Factor I usually affect mainly the occult form and those which 
increase it affect mainly the free form. A number of neurotropic drugs 
have no obvious effect on the amount and condition of Factor. 
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6 METHODS 


Hooded rats weighing about 200 g were used. Drugs were administered intraperitoneally, 
unless otherwise specified, to rats which had been deprived of food since the previous day. 
The animals were decapitated and their cerebral hemispheres studied. For routine determi- 
nations of free and occult Factor I the tissue was immediately homogenized, by means of a 
Potter-Elvehjem homogenizer, in 4 volumes of potassium-free crayfish saline containing 
5mm glutamate, and the suspension was’ centrifuged at about 16,000g. The Factor I 
activity found in the supernatant fluid is referred to as ‘free Factor I’ and the activity found 
in thé residue, after resuspension and heating for 15 min, is referred to as ‘occult Factor I’. 
Variations from this initial procedure are noted below and in Table 1. 

The method for assaying Factor I and the solutions used for making and diluting tissue 
suspensions are those described previously (Elliott & Florey, 1956; Elliott & van Gelder, 
1958) except as noted later. ‘Crayfish saline’(CS; van Harreveld, 1936) contains (mm): NaCl 
205, KCl 5-4, MgCl, 2-6, CaCl, 13-3. Potassium-free crayfish saline was the same but with KC! 
omitted. When necessary, small volumes of concentrated salt solutions were added after 
centrifuging to the supernantant fluids and residues to make their salt concentrations equal 
to that of crayfish saline. Resuspension of residues and further dilutions of all extracts for 
assay were made with complete tris-maleate buffered (0-01 M, pH 6-5) crayfish saline con- 
taining 5 mM glutamate. Factor I activities are expressed in terms of the amounts of GABA 
(4g) which would show the same activity, per gram of brain. None of the drugs used were 
found to affect the sensitivity of stretch receptor preparations to GABA, even in concentra- 


tions considerably higher than were likely to be present in the brain extracts as diluted for 
assay. 


RESULTS 
Free and occult Factor I in brain dispersed in various media 
The results given in Table 1 show that when brain is homogenized in 


saline medium (modified crayfish saline) the proportion of the total — 


Factor I which is found occluded in the centrifuged residue is rather 
constant, in spite of quite wide variations in the total Factor I activity 
found in the brains of individual animals. The volume of saline medium 
used in the initial homogenization and the length of time of homogenization 
had no obvious effect, nor did the use of mammalian Ringer-type solution 
or normal saline for the initial dispersion. Further, after grinding the 
tissue thoroughly with sand about the same amount of occult Factor I was 
found as after ordinary homogenization. In sand-ground tissue there was 
some increase in free and total Factor I but this might be accounted for 
by production by the tissue of extra, free Factor I during the time required 
for grinding. It was usually noted that elevated Factor I activity. 
particularly in the free condition, was found, when whole brain or brain 
suspensions were allowed to stand at room temperature before heating or 
centrifuging (cf. Elliott & Florey, 1956). 

When brain was homogenized in sucrose solutions of various concentra- 
tions, cold or at room temperature, the proportion of the total Factor ‘ 
activity found in the free condition wasconsiderably increased. The presence 
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of 0-1 mm ethylenediamine tetraacetate (Versene) or 7-5% polyvinyl- 
pyrrolidone (PVP) did not prevent this liberation of Factor I. The presence 
of low concentrations of sodium, magnesium or calcium chloride in sucrose 
_ golution decreased the liberation appreciably. 

Brain hemispheres were homogenized in cold 0-:25m sucrose + 0-1 mm 
Versene; the suspension, the pH of which was between 6-9 and 7-1, was 
subjected to differential centrifugation and the sediments were assayed 


TaBLeE 1. Occult and free Factor I in rat brain dispersions 
Factor I activity, (ug y-aminobutyric acid/g fresh brain) 


Initial homogenization medium, etc.* Occult Free Total % free 

0S + glutamate, no Kt (averages + s.D. — 212 + 27 108 + 10 321 + 31 3444 
63 + glutamate, low Kt (19 vol.) 186, 200, 213 130, 101, 123 316, 301, 336 41, 34, 37 
CS + glutamate, low Kt, 1-4° C 197 85 282 30 
Sodium chloride (154 mM) 184 110 294 37 
‘Mammalian Ringer-type solution} 202, 223,240 132,123,150 334, 346,390 37, 36, 38 

Ground with sand 15 min, then in CS + glutamate, 202, 256 160, 139 362, 395 45, 

no K 

Stood, yc mt 15 min§ ets coo of . 208 to 270 143 to 178 353 to 448 45 
. 80, 83 201, 247 281, 330 71, 75 
14°C 0009 91, 211 302 70 
Sucrose 0-25 m+ Versene 0-1 mm, 14°C 180005 58, 64 284, 217 342, 281 82, T7 
Sucrose 0:25 m + PVP 7-5%, 14°C 18,000 g 84, 104 210, 169 294, 273 72, 62 
Sucrose 0-3 M 220 285 TT 
+ NaCl 15 mm 136 255 391 65 
MgCl, 2-6 mm 130 230 360 64 
Sucrose 0-3m < + MgCl, 65 mu 140 220 360 61 
CaCl, 3-0 mu 154 225 379 60 
+ CaCl, 13-5 mu 165 170 335 —~«6bl 
Sucrose 0-4 m 88 174 262 66 
Sucrose 0-4 m, 14° C 18,000 g 88 222 310 72 
Sucrose 0-88 x, 14°C 18,000 g 31 268 299 90 


* The suspensions were prepared in 4 volumes-of medium at room temperature and centrifuged at about 16,000 g unless 
pherwise specified. + Crayfish saline containing 5mm glutamate, K omitted or reduced in ititial homogenization to 
ullow for K in tissue. ¢ Bi¢arbonate-buffered solution with composition of ‘average spinal fluid. § The tissue was stood 
, or in medium, before homogenization, or homogenized and then stood; the results were about the same in all cases, 


after being heated. The fraction ‘nuclei and debris’, which sedimented in 
10 min at 1100 g, showed no more activity than the equivalent volume of 
supernatant fluid. The: ‘mitochondrial fraction’, which sedimented in 
15 min at 12,500 g, and the ‘microsomal fraction’ obtained after 30 min 
at 18,000 g each contained 30-40 ug/g brain more than could be accounted 
for by the content of the fluid remaining in these sediments. The final 
supernatant fluid contained 220-280 Hele brain. 


Factor I in brains of cided animals 


Results of determinations of free and occult Factor I in saline suspensions 
of brain from treated animals are shown in Table 2. Cravioto et al. (1951) 
found that the GABA content, determined by the chromatographic— 
colorimetric method, of the brains of rats is reduced after treatment of the 
animals with insulin. In agreement with this we find that the total 
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METHODS 


Hooded rats weighing about 200 g were used. Drugs were administered intraperitoneally, 
unless otherwise specified, to rats which had been deprived of food since the previous day. 
The animals were decapitated and their cerebral hemispheres studied. For routine determi. 
nations of free and occult Factor I the tissue was immediately homogenized, by means of a 
Potter-Elvehjem homogenizer, in 4 volumes of potassium-free crayfish saline containing 
5mm glutamate, and the suspension was centrifuged at about 16,000 g. The Factor | 
activity found in the supernatant fluid is referred to as ‘free Factor I’ and the activity found 
in the residue, after resuspension and heating for 15 min, is referred to as ‘occult Factor I’. 
Variations from this initial procedure are noted below and in Table 1. 

The method for assaying Factor I and the solutions used for making and diluting tissue 
suspensions are those described previously (Elliott & Florey, 1956; Elliott & van Gelder, 
1958) except as noted later. ‘Crayfish saline’ (CS; van Harreveld, 1936) contains (mm): NaCl 
205, KOL 5-4; MgCl, 2-6, CaCl, 13-3. Potassium-free crayfish saline was the same but with KC] 
omitted. When necessary, small volumes of concentrated salt solutions were added after 
centrifuging to the supernantant fluids and residues to make their salt concentrations equal 
to that of crayfish saline. Resuspension of residues and further dilutions of all extracts for 
assay were made with complete tris-maleate buffered (0-01 m, pH 6-5) crayfish saline con- 
taining 5 mm glutamate. Factor I activities are expressed in terms of the amounts of GABA 
(4g) which would show the same activity, per gram of brain. None of* the drugs used were 
found to affect the sensitivity of stretch receptor preparations to GABA, even in concentra- 
tions considerably higher than were likely to be present in the brain extracts as diluted for 
assay. 


RESULTS 
Free and occult Factor I in brain dispersed in various media 


The results given in Table 1 show that when brain is homogenized in 
saline medium (modified crayfish saline) the proportion of the total 
Factor I which is found occluded in the centrifuged residue is rather 
constant, in spite of quite wide variations in the total Factor I activity 
found in the brains of individual animals. The volume of saline medium 
used in the initial homogenization and the length of time of homogenization 
had no obvious effect, nor did the use of mammalian Ringer-type solution 
or normal saline for the initial dispersion. Further, after grinding the 
tissue thoroughly with sand about the same amount of occult Factor I was 
found as after ordinary homogenization. In sand-ground tissue there was 
some increase in free and total Factor I but this might be accounted for 
by production by the tissue of extra, free Factor I during the time required 
for grinding. It was usually noted that elevated Factor I activity, 
particularly in the free condition, was found when whole brain or brain 
suspensions were allowed to stand at room temperature before heating or 
centrifuging (cf. Elliott & Florey, 1956). 

When brain was homogenized in sucrose solutions of various concentra- 
tions, cold or at room temperature, the proportion of the total Factor | 
activity found in the free condition wasconsiderably increased. The presence 
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of 0-1 mm ethylenediamine tetraacetate (Versene) or 7:5% polyvinyl- 
pyrrolidone (PVP) did not prevent this liberation of Factor I. The presence 
of low concentrations of sodium, magnesium or calcium chloride in sucrose 
solution decreased the liberation appreciably. 
Brain hemispheres were homogenized in cold 0-25m sucrose+0-1 mm 
-Versene; the suspension, the pH of which was between 6-9 and 7-1, was 
subjected to differential centrifugation and the sediments were assayed 


TaBLe 1. Occult and free Factor I in rat brain dispersions 


| Factor I activity, (ug y-aminobutyric acid/g fresh brain) 


Initial homogenization medium, etc.* Occult Free Total % free 
C3 + glutamate, no Kt (averages + s.p. , 29 animals) 212 + 27 108 + 10 321 + 31 3444 
G3 + glutamate, low Kt (19 vol.) 186, 200, 213 130, 101,123 316,301,336 41, 34, 37 
CS + glutamate, low Kt, 1-4° C 197 85 282 30 
Sodiun chloride (154 mM) 184 110 294 37 
‘Mammalian Ringer-type solution} 202, 223, 240 132, 123,150 334, 346,390 37, 36, 38 
—_— with sand 15 min, then in CS + glutamate, 202, 256 160, 139 362, 395 45, 35 
stood, 15 min§ of . 208 to 270 143 to 178 353 to 448 45 
0-25 m 80, 201, 247 281, 330 Tl, 75 
peri 0-25 m, 1-4° C 91 302 70 
Sucrose 0-25 m+ Versene 0-1 mm, 1—4° C 8 ODD ; 58, 64 284, 217 342, 281 82, 17 
Sucrose 0-25 m + PVP 7- 5%, 1-4° C 18,000 9g 84, 104 210, 169 294, 273 2, 62 
Sucrose 0-3 «65 220 285 TT 
+ NaCl 15 mu 136 255 391 65 
+ MgCl, 2-6 mu 130 230 360 64 
Sucrose 0-3 m < + MgCl, 6-5 mm 140 220 360 61 
+ CaCl, 3-0 mu 154 225 379 60 
CaCl, 13-5 mu 165 170 335 51 
Sucrose 0-4 u 88 174 262 66 
| Sucrose 0-4 m, 14° C 18,000 g 88 229 310 72 
Sucrose 0-88 m, 14° C 18,000 g 31 268 209 90 


* The suspensions were prepared in 4 volumes of medium at room temperature and centrifuged at about 16,000 g unless 
oherwise specified. ¢t Crayfish saline containing 5mm glutamate, K omitted or reduced in ititial homogenization to 
allow for K in tissue. { Bicarbonate-buffered solution with composition of average spinal fluid. § The tissue was stood 
iry, or in medium, before homogenization, or homogenized and then stood; the results were about the same in all cases. 


after being heated. The fraction ‘nuclei and debris’, which sedimented in 

10 min at 1100 g, showed no more activity than the equivalent volume of 

supernatant fluid. The ‘mitochondrial fraction’, which sedimented in 

15 min at 12,500 g, and the ‘microsomal fraction’ obtained after 30 min 

at 18,000 g each contained 30-40 yg/g brain more than could be accounted 
_ for by the content of the fluid remaining in these sediments. The final 
supernatant fluid contained 220-280 ug/g brain. 


Factor I in brains of drug-treated animals 


Results of determinations of free and occult Factor I in saline suspensions 
| of brain from treated animals are shown in Table 2. Cravioto et al. (1951) 
found that the GABA content, determined by the chromatographic— 
colorimetric method, of the brains of rats is reduced after treatment of the 
animals with insulin. In agreement with this we find that the total 
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Treatment (dose/kg*) 
None 


Insulin 100-185 u. 


Hydroxylamine 50 mg 


Metrazo! 50 mg, 100 mg 
Megimide 16-25 mg 


Picrotoxin 9 mg 
Pentothal 100 mg 


Pentobarbital 50, 100 mg 
Ether inhalation 
Diphenyl 

50 mg intramusc. 
Acetazoleamide 10 mg 
Reserpine 

5 mg 
2-5 mg x 5 


Chlorpromazine 5 mg 
Iproniazid | 


50 mg 
50 or 100 mg x 2 to 5 


Iproniazid + Megimide 


50 mg x 3 ipro. + 22 mg Meg. 


Iproniazid + reserpine 
50 mg ipro. + 5 mg x 2 res, 
50 mg x 3 ipro. + 5 mg res. 


Iproniazid +- thiosemicarbazide 
100 mg x 2 ipro. + 20 mg | 
2 ” 

mg x 2 + Ome ro. 
20 mg thiose we 


Occult* 


212 + 
27 (s.D.) 


205 
175 


160-216 
137, 145 


120 
114-132 
115 
101-122 
237, 266 


213, 217 


210-240 
212, 219 


193, 201 
225 
196-226 


245 


Free* 


108 + 
10 (s.D.) 
111, 136 
125 
106-140 
112, 114 


90 
84-98 


90 
80-105 
180, 177 


120, 138 


114, 131 
147 
140-170 


133, 157 


87 
78-105 
100, 105 
103, 106 


105, 110 
85, 93 
119, 150 

125 


124-135 
105, 123 


122, 147 
165 
120-240 
210 


167, 126 
180 
148-215 
180 


117 
171 


131, 130 


Total* 


31 (s.D.) 


309, 341 
305 


330, 365 
307, 322 


301, 325 
290, 290 
327, 416 


345 
(334-375) 
317, 342 


815, 348 
390 


341-450 
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- Tape 2. Occult and free Factor I in brains from treated rats 


Factor I activity (ug y-aminobutyric acid/g fresh tissue) 
No. of | 
animals _ Symptoms immediately before ‘ 


—— 


J 


None 


to be unsteady 
Coma up to 5 min, 
occasional convulsions 
Coma for 10 min, occasional _&K 
convulsions 
Coma for 25-30 min, 
occasional convulsions 
Coma for 60-180 min, 
occasional convulsions 


Comatose; some movement 
possibly convulsive (30 min) 

then comatose. Died 
at 


Convulsions for 20 min i 
Convulsions for 20 min 


None (90 min) 

None (5 hr) 

None (90 min) 

Slight convulsions (90 min) 
Convulsions for 10, 20 min 


Twitching and cyanotic, then 
lethargic and cyanosis gone 
(90 min) 


Convulsions for 6, 7 min 
Convulsions for 10-85 min 


Convulsions for 10, 20 min 
Anaesthetized for 10-15 min 


Anaesthetized for 10 min 
Anaesthetized for 10 min 


None (30 min) 
Sedated (120 min) 


Shivering, piloerection, lethargic 
(120 min} 


None (120 min) 


Quiet; no obvious symptoms 
(120 min) 


Brief convulsion (60 min) 


As with reserpine alone (120 mit 
Excited, stereotyped beh viour 
(120 min) 


One brief convulsion, ther: norm 
95 min) 

Convulsions 25 min 

Intermittent brief convulsions 
then normal (15 min) 

Convulsions 15, 33 min 


i 
2 
4 
268-333 
| 2 249, 260 
3 210 
3 205 
| 190-222 
Hypoxia 2 417, 443 
‘Thiosemicarbazide 
20 mg 2 171,190 . 100, 98 290, 269 
- 30mg 2 135,148 110,100 245, 248 
Semicarbazide 
30 mg 180,190 113,100 298, 290 
30 mg 210,272 116,117 326, 389 
: 100 mg 191 108 204 
| 100 mg 172 94 266 
, 250 mg 125, 138 54,44 179, 182 
ee 251 193 443 
226-286 126-336 350-622 
a 6 225 372 
200-255 355-399 
4 202 289 
173-240 250-845 
1 2 204, 216 
| 
| 2 196, 210 
t 2 208, 266 
‘ 
4 3 205 380 
192-214 362422 
202 382 
4 | 
4 . 173 290 
{ 203 a 374 
(2 163,175 (204, 304 
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TABLE 2 (cont.) 3 
No. of Symptoms immediately 
Treatment dose/kg* animals Occult* Free* Total* decapitation 
ely before , roniazid + semicarbazide 
x 2ipro.+250semicarb. 2 118,145 97,101 215,246 Convulsions 20, 30 min 
Harmine HC! 10 mg 2 245, 264 126,122 371,386 Spastic movements then quiet 
| and unsteady (180 min) 
eady —_frarmaline HCI 10 mg 2 240 371, 375 Spastic then quiet and unsteady 
asional 385 10 mg 2 242,252 126,119 368,371 fearful, salivating (90 min) 
* Where more than two results were obtained the averages and ranges are shown (except for the controls). Repeated 
ns of iproniazid were usually given, two/day (10 a.m. and 5 p.m.). The notation ‘ x 3’, for instance, indicates 3 doses. 
' other drugs were given with iproniazid these were given 10 min after the last dose of iproniazid. t Times given 
ae tween brackets are the times between the last dose of a drug and decapitation of the animal. 
a ee Factor I content decreases markedly, reaching about 65% of the normal 
value. The decrease is most apparent in the occult Factor I. | 
in I Hypoxia (animal in a desiccator filled with 5% O, in N,) for 30 min 
. causes a considerable increase in total Factor I, mostly accounted for by 
increase in the free form. Under anoxic conditions (5°% CO, in N,) there 
ae was less change i in the levels of Factor I but the animals died j in a few 
0 min minutes. 
ae Killam & Bain (1957) have shown that administration of carbazides ip 
rats causes a decrease in the chemically-determined GABA content of the 
cad brain and this decrease is associated with the development of seizures. 
gem Results given in Table 2 show marked reductions in total Factor I activity 
0 min after administration of thiosemicarbazide and particularly after semi- 
“15min | garbazide in the large dose required to produce convulsions. With thio- 
iia semicarbazide the decrease in Factor I occurred in the occult fraction; with 
min the large dose of semicarbazide both fractions were decreased. 
Baxter & Roberts (1959) have reported that administration of hydroxy]- 
amine causes an increase in the GABA level in various parts of the brains 
of rats. Figures in Table 2 show that hydroxylamine administration 
n, lethargic} == G@auses a variable increase in Factor I levels in cerebral hemispheres, the 
effect being most. marked in the free Factor I. In our experiments no con- 
;  vulsions were observed, though Baxter & Roberts, with higher doses, 
mptoms observed convulsions for 10 min or less after administration of the drug. 
The convulsant agents Metrazol (pentylenetetrazole), Megimide (methy]- 
min) ethy! glutarimide) and picrotoxin caused no definite change from the normal 
| Factor I levels, though there was a trend to a rise in the free and total 
ne (104 Factor I levels. The anaesthetic agents pentothal, pentobarbital and ether 
| caused no consistent changes in Factor I levels except that somewhat low. 
then: nom levels occurred in two animals that received pentothal. Sodium dipheny]- 
nines hycantoin (Dillantin), acetazoleamide (Diamox) and chlorpromazine in 
a the doses used had caused no obvious or consistent changes in Factor I 
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levels at the time when the animals were killed. Administration of 


‘ reserpine, which is known to release bound serotonin, seemed to cause a 


slight elevation of free Factor I. 

After repeated doses of iproniazid (Marsalid) the total Factor I was 
always moderately high; most of this increase was due to an increase in 
the level of free Factor I. The averages for total and free Factor I were 
highly significantly different from normal (P < 0-01). 

High values for free and total Factor I were obtained also when i ipronia- 
zid was administered before Megimide or reserpine. When iproniazid was 
administered before thiosemicarbazide or semicarbazide there seemed to 
be the tendency of the hydrazides to lower the Factor I content and the 
tendency of iproniazid to raise the free Factor I. As a consequence, when 
both thiosemicarbazide and iproniazid had been administered the total 
Factor I content was at about the normal level. In spite of this the animals 
suffered convulsions. Though the total Factor I was not below normal in 
these cases, the occult Factor I was usually below normal, but was ac- | 
companied by a rather high amount of the free factor. | 

Three other monoamine oxidase inhibitors, harmaline and harmine 
(Sjoerdsma, Gillespie & Udenfriend, 1959; Tabachnik & Rubin, 1959) and 
tranylcypromine (SK F-trans 385; Tedeschi, Tedeschi, Ames, Cook, Mattis 
& Fellows, 1959) were tested in single doses (10 mg/kg). These tended to 
raise the free, occult and total Factor I levels. 


DISCUSSION 


The amount of occult Factor I found in brains from untreated animals 
was not obviously affected by varying the length of time of homogeniza- 
tion or the volume of saline medium, or even by grinding the tissue with 
sand. This seems to indicate that the free and occult fractions represent 
different fractions which actually exist in brain; the division into these 


_ two fractions does not seem to be an artifact resulting from the mechanical 
_ disruption of the tissue. Further evidence for this is the fact that incubation 


of brain suspensions with added GABA does not produce an increase in 
occult Factor I, whereas with brain slices such an increase does occur 
(Elliott & van Gelder, 1958). It is probable, however, that the free Factor! - 
fraction found does not represent truly free, extracellular Factor I present 
in brain in vivo. This is evident fyom the fact that, after incubating slices 
of cerebral cortex aerobically in saline medium, no detectable Factor I is 
found in the medium, even though the slices continue to contain about 
100 yg of ‘free’ Factor I per gram (plus about 200 yg of occult Factor | 
per gram; Elliott & van Gelder, 1958). Further, electron microscope 
studies by a number of authors indicate that there is virtually no extrs- 


cellular space in the central nervous system. Free Factor I can apparentiy 
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diffuse out of brain to a slight extent, since Florey & McLennan (1955) 
detected Factor I in fluids which had been in contact with the brains of 
living cats and traces of GABA have been detected in human cerebro- 
spinal fluid (Knauff, 1958; Logothetis, 1958). | 

In attempts to localize the occult Factor I in subcellular particles, by 
suspension in sucrose Solution and differential centrifugation, it was found 
that salt-free sugar solutions caused release of Factor I from its occult form. 
The mechanism by which Factor I is occluded is apparently different from 
those that apply to acetylcholine, adrenaline, noradrenaline and serotonin, 
since all these remain to a large extent in the bound forms during separation 
of subcellular particles in sucrose media (e.g. Hebb & Whittaker, 1958; 
Eade, 1958; Walaszek & Abood, 1959). 

Dawson (1950, 1953) and Cravioto et al. (1951) have shown that the 
glutamate content of brain decreases during insulin hypoglycaemia. This 
decrease in the level of the substance from which GABA is formed would 
explain adequately the fall in Factor I level following insulin administration. 
The increase in the levels of Factor I, especially of the free Factor, during 
hypoxia might be due to decrease in the level of «-ketoglutarate in the 
brain with consequent decrease in the rate of removal of GABA by 
transamination. | 

As has been clearly indicated by the work of Killam & Bain (1957) and 
Roberts, Rothstein & Baxter (1958) on the metabolism of GABA, the 


- fall in Factor I level after carbazide administration can be accounted for 


by inhibition of glutamate decarboxylase through combination of the 
carbazide with the co-enzyme pyridoxal phosphate. Baxter & Roberts 
(1959) pointed out that hydroxylamine is a more effective inhibitor of 
GABA-a-ketoglutarate transzminase than of glutamate decarboxylase, and 
this might account for the elevation of brain GABA after hydroxylamine 
administration. The trend toward a rise in Factor I after administration 
of Metrazol, Megimide and picrotoxin might be connected with hypoxic 
states produced by these convulsants. 

As far as we are aware the possibility that GABA can serve as a substrate 


for monoamine oxidase has not been tested. The increase in free Factor I 


in the brain following repeated doses of iproniazid suggests that mono- 
amine oxidase may be to some extent involved in the metabolism of 
GABA. Another possibility is that accumulation of some other amine 
may interfere with the metabolism of Factor I. ; 
Interference with production of Factor I, as in insulin hypoglycaemia 
and hydrazide intoxication, results predominantly in a decrease in the 
amount of the occult form. Interference with further metabolism, as 


_ perhaps during hypoxia or after iproniazid or hydroxylamine treatment, 


results predominantly in an increase of the free form. These observations 
28 PHYSIO. CLIII 
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suggest that Factor I is initially produced in the occult form and that ‘t 
is mainly the free Factor I, released from the occult form, which undergoes 
further metabolism. 

When thiosemicarbazide and iproniazid are present. together, the level 
of occult Factor I in the brain tends to fall and free Factor I tends to 


‘accumulate and the total Factor I content can be in the normal range 


though convulsions still occur. The evidence provided by Killam & Bain 
(1957) and Killam (1957), that the convulsive effects of the hydrazides 
result from their effect on the GABA content of the brain, is strong. From 
the present results with the hydrazidés alone and with iproniazid it seems 
that it is mainly the level of the occult fraction of the Factor I which is 
concerned in convulsive effects. Insulin hypoglycaemia is accompanied 
also by a decrease in the occult form and there may be a relation between 
this decrease and the convulsions that occur. There is no doubt that 


solutions of free GABA applied directly to the brains of animals in vivo 


exert inhibitory actions and oppose the action of the hydrazides (Purpura, 
Girado & Grundfest, 1957; Iwama & J asper, 1957; Killam & Killam, 1958; 
Dasgupta, Killam & Killam, 1958). It is, however, reasonable to suppose 
that much of this GABA is absorbed into the occult condition by the . 
tissue, just as GABA is absorbed by brain slices (Elliott & van Gelder, 
1958), so that the level of occult GABA is raised. On this hypothesis we 
would not expect the elevation of free GABA, as in hypoxia or after 
hydroxylamine administration, to affect the susceptibility of animals to 
convulsions. Kidelberg, Baxter, Roberts, Saldias & French (1959), how- 
ever, have produced evidence that the raised levels of GABA produced in 
cerebral cortex by hydroxylamine administration are associated with 
raised electrographic seizure thresholds. Either the increase in free Factor I 
ts effective or the associated smaller increase in occult Factor I is the 
significant factor. 

No consistent effects on free or occult Factor I were found to be associated 
with most of the other drugs tested. It seems that the main effects of these 
drugs are not mediated through changes in Factor I unless such changes 
occur only in restricted specific regions of the brain. 


SUMMARY 


1. The proportion of ‘free’ (extractable with saline medium without 
heat) to ‘occult’ (liberated by heat) Factor I in normal rat brains is 
fairly constant. The occult Factor I is not released by grinding the tissue 
with sand. 

2. When brain tissue is suspended in salt-free sucrose solutions mos‘ 
of the occult Factor I becomes free. 
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3. The total Factor I content is decreased in brains from rats suffering 
from coma and convulsions after insulin treatment and from rats suffering 
from convulsions induced by hydrazides. The decrease after insulin and 
thiosemicarbazide is mainly in the occult fraction. ? 

4. The total Factor I content is increased by hypoxia, hydroxylamine 
administration and by repeated doses of iproniazid. These increases are 
most marked in the free fraction. 

5. No obvious changes in Factor I content were observed after admini- 
stration of various other convulsant, anaesthetic or psychotropic drugs. 


This work was aided by grants from the Banting Research Foundation and the Wellcome 
Trust. 
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PREFERRED SITES OF ADENINE NUCLEOTIDE IN 
FROG’S STRIATED MUSCLE 
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The location of tritium-labelled adenine nucleotide in frog’s striated 
muscle has been investigated by autoradiography in freeze-dried material 
(Hill, 1959) and after fixation with osmium tetroxide and lanthanum (Hill, 
1960).. After freeze-drying there was only a small degree of preferential 
siting of nucleotide; about 20% of the total appeared to lie in a narrow 
band near the boundary between the A and I bands. The location at a 
particular site was much more marked in a muscle which had been fixed 
in a mixture of osmium tetroxide and lanthanum; it was shown that some 
70 %/, of the adenine nucleotide was located in the region of the N bands (in 


the isotropic part of the sarcomere). 


The ultimate objective is, of course, to determine where the adenine 
nucleotide is located in living muscle, but it is very difficult to achieve this 
because the fixation process is liable to result in a disturbance of the 
balance of forces responsible for holding this mobile and unstable material 
at some particular position within the sarcomere. Now, after the experi- 
ments to be described, the question as to the location in normal muscle is 
still not answered; indeed the situation is more complicated than it had 
previously appeared to be. One of the methods of fixation which has been 
used for the experiments described here is possibly less subject than the 
others have been to the objection that it disturbs the siting of the nucleo- 
tide. It involves rapid freezing of a thin muscle (m. ext. long. dig. IV), 
followed by freeze-substitution in a solution of osmium tetroxide and 
lanthanum nitrate in ethanol. This has resulted in the nucleotide becoming 
sited largely in the region of the so-called ‘A lines’ (Hill, 1960) which lie 
inside the A band, close to the boundary with I. 

Though the meaning, in physiological terms, is obscure, it is sciheentihe 
to know of the existence of at least two preferred sites for nucleotide in the 
sarcomere, The emphasis in this paper is on the demonstration, and on the. 
fact of the existence, of preferred sites, for little can be said concerning 
what variations in the conditions of a normal muscle are able to cause one 
or other of these potential centres of aggregation to become involved. 
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Another unexpected result has come out of the present series of experi- 
ments. Acid-soluble nucleotide in muscle is, in part, bound against 
extraction by water (see Hill, 1959). An experiment was made with the 
purpose of locating the bound fraction by fixing a muscle in aqueous 
osmium tetroxide without the addition of lanthanum nitrate. The fixative 
was not capable of precipitating nucleotide and it was assumed that, 
during fixation, the free nucleotide would escape into the solution leaving 
the bound fraction to be located. This is not, however, what actually 
happened, for none of the nucleotide escaped from a muscle fixed in this 
way. What is more, the nucleotide assumed a different siting pattern from 
that seen when lanthanum was present in the fixative, the A-line region 
now being the one preferred. 


METHODS 


Preparation of tritiated adenine. A fresh batch of tritiated adenine was prepared by 
essentially the same method as that used before (Hill, 1959). On this occasion a higher 
specific activity was procured by using a smaller reaction volume. In the previous method 
acetic acid was used as the solvent, and the reaction volume could not be reduced bectuse 
of the low solubility of adenine in acetic acid. It was found that adenine is ten times more 
soluble in formic acid than in acetic acid at 100° C, so in this solvent a considerably higher 
specific activity should be produced with a given amount of adenine and of tritium. 

The reaction mixture consisted of 22:9 mg adenine, 1-0 mg Adam’s platinum catalyst 
(PtO,) and 54-1 pl. (65-5 mg) 90 % formic acid; these substances were introduced down a 
long funnel into the curved bottom of a Pyrex glass tube, of internal diameter 7 mm, length 
20 cm. A tap was fitted to the top of the tube. At 20° C adenine at this concentration does 
not dissolve, but at 100° C it readily does so, though it forms a semi-solid mass on re-cooling. 
The reaction mixture was frozen in liquid oxygen, the vessel was evacuated, then filled with 
hydrogen and warmed to 100° C. The reaction mixture was then gently swirled around the 
bottom of the tube for a few minutes. The freezing, evacuation, filling with hydrogen and 
mixing were repeated twice, and finally the reaction mixture was spread in a thin semi-solid 
layer by rotating the tube while cooling to room temperature. The reaction vessel was then 
left at room temperature for 23 hr to ensure complete reduction of the catalyst. The tritium 
- gas (5 curies, 97-1 % tritium, 2-04 ml. at s.t.p.) was converted to tritium oxide which was 
distilled over into the reaction vessel. The latter was sealed off in a flame. The volume of the 
sealed vessel was 7 ml. (This volume has to be taken into account because of the need to 
limit the amount of solvent in the vapour phase to a small proportion of the whole. It was 
calculated that in this case the proportion was 15 %.) The reaction tube was then set up in an 
oven at 100° C and the mixture kept in motion for 112 hr by continuous rotation of the 
tube, in an almost horizontal position, at about 20 revolutions/min, by means of an electric 
motor. The solvent was then removed by distillation on a vacuum line and collected in a 
receiver cooled in liquid oxygen. The labile tritium atoms of the adenine were then ex- 
changed for ordinary hydrogen, and the product separated from the platinum by the 
following procedure. The adenine was dissolved in 5 ml. n-NH,OH; 20mg MgSO,.7H,O was 
added to flocculate the colloidal platinum. The mixture was centrifuged. The clear solution 
was separated and the solvent removed by evaporation. The adenine was redissolved in 
10 ml. Nn formic acid. After standing for about 30min the solvent was removed b’ 
evaporation. 

The product was assayed spectrophotometrically and, on a scintillation counter, for its 
specific activity. The yield was 20-3 mg adenine, and the specific activity was 1-50 c/m-mole: 
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this is 4-5 times the activity obtained by the previous method. The theoretical maximum 
after complete equilibration of the tritium with all the hydrogen atoms in the reaction 
mixture would be 2:50 c/m-mole. If it is assumed that there is equal probability of labelling 
in the two stable positions of the adenine molecule, the present activity of 1-50 c/m-mole 
means that a fraction 1 in 21 of the molecules is labelled with one tritium atom, and 1 in 440 
is labelled in both stable positions. The half-life of tritium is 12-5 yr, and all activities quoted 
are corrected for loss by decay. 

Labelling the muscles. The muscles were labelled as before (Hill, 1960) by intraperitoneal 
injection of thé frog with an aqueous solution of the tritiated adenine. 

Frog 1. Weight 15 g. 12-2 mc *H-adenine injected in 1-1 ml. water (810 me/g). 

Frog 2. Weight’11 g. 12-5 me *H-adenine injected in 1-15 ml. water (1140 me/g). 

The frogs were kept in a moist atmosphere at 20° C for 24 hr (frog 1), and at 15° C for 
22 hr (frog 2) before dissection of the muscles. 

Fixation of m. ext. long. dig. IV by freeze-substitution. The preservation of a muscle by 
freeze-drying at — 40° C (Hill, 1959) was not satisfactory, even with a muscle as thin as the 
m. ext. long. dig. IV. It seems improbable that this could have been due to ice crystal 
formation during the rapid freezing at — 160° C, and the more likely explanation is that ice 
erystal growth occurred later while the muscle was being dried at — 40° C. The rate of ice 
crystal growth decreases rapidly as the temperature is lowered, but owing to the sharp fall 
in the vapour pressure of ice it is not practicable to dry a piece of tissue by vacuum sublima- 
tion at a temperature much below — 40° C, The alternative method, known as freeze-sub- 


' stitution, in which the ice is replaced by ethanol (or other solvent which does not freeze) 


at a temperature of — 80° C or below, can be used. Feder & Sidman (1958) have proposed 
that tissue fixatives may with advantage be dissolved in the substitution solvent, and these 
authors produce evidence to show that fixation of protein components can take place in 
such non-aqueous media at a low temperature. This method has been used here: in addition 
to adding osmium tetroxide to the ethanol, lanthanum nitrate was, at the suggestion of 
Dr Feder, also dissolved in the mixture. Whether lanthanum can combine with nucleotide, 
and thus immobilize it, in non-aqueous solution is doubtful, and there is no evidence either 
that it does in fact do so, or that the nucleotide does not (as a consequence of failure in 
this respect) redistribute itself during the prolonged substitution process. However, 


_ although there may be doubt as to the efficacy of this method in preserving the siting of 


the nucleotide, it does result in excellent preservation of the structure as seen in the light 
microscope, and the artifacts found in a freeze-dried muscle (Hill, 1959) are absent. 
Frog 1 was used for this expériment. A toe muscle (m. ext. long. dig. IV) was dissected ; 


. this was mounted on a glass holder by cotton attached to the tendons, and it was then soaked 
‘for 90 min in oxygenated Ringer’s solution (composition (mm): NaCl, 96; KCl, 5-0; CaCl,, 


4-0) at 0° C. The muscle was used in the normal polarized condition and to prevent the shock 
of immersion in the freezing fluid from setting up propagated impulses which might activate 
the unfrozen part this muscle was soaked for 10 min at 0° C in choline-substituted Ringer’s 
solution (composition (mm); choline chloride, 106; KCl, 5-0; CaCl,, 4-0). The muscle was 
stretched and then plunged into Arcton 6 (dichloro-difluoro-methane) cooled to — 160° C 
in liquid oxygen. It was then rapidly transferred to the following mixture cooled to — 75° C 
in acetone and solid carbon dioxide: 20 ml. ethanol; 0-2 g osmium tetroxide; 0-24 g La 
(NO,),; 6H,0. (This mixture has to be prepared at a temperature not above 0° C. At 20° C 
the osmium tetroxide is rapidly reduced by the ethanol and the solution becomes black.) 
After 6 days in this solution at —75° C the muscle was rapidly transferred to aqueous 
fixative at 20°C (composition (mM): osmium tetroxide, 40 (1%); TRIS (tris-(hydroxy- 
methyl)-amino methane), 39; HNO,, 31 (pH 7-4); La(NO,),.6H,O, 28) for 35 min. The 
su! sequent procedure, involving removal of the fixative and dehydration of the muscle, was 
ly the same as that described earlier (Hill; 1960). 

‘vation of a sartorius muscle at room temperature in linthanum-free solution. Both 
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sartorius muscles of frog 2 were dissected and fixed on supports. They were soaked for 60 min 
in oxygenated Ringer’s solution at 0° C. Muscle 1 was treated before fixation by a procedure 
similar to that used for preparing the ‘normal’ muscle in the earlier experiments (Hill, 1960; 
muscle 1, frog 1); that is, it was given a preliminary soaking in oxygenated Ca-free mixture 
at 0° C for 75 min. It was next immersed for 10 min in oxygenated isotonic K,SO, at 20° C. 
It was then fully stretched. The muscle was fixed, for 90 min, in a solution in which NaC] 
substituted, in equi-osmolar quantity, the lanthanum nitrate used previously (Hill, 1960), 
composition (mM): osmium tetroxide, 40 (1%); TRIS, 39; HNO,, 31 (pH 7-4); NaCl, 55; 
sucrose, 110. The subsequent procedure, involving removal of the fixative and dehydration 
of the muscle, was essentially the same as that described earlier (Hill, 1960). (Lanthanum 
was present in the solution used for washing out the fixative, and was introduced for the 
purpose of immobilizing such nucleotide as remained at this stage.) 

The second muscle (muscle 2) was used as a control. It was made inexcitable by immersion 
for 5 min in oxygenated isotonic K,SO, at 0° C, and it was then fixed in a mixture containing 
lanthanum (composition: see Hill, 1960), and prepared for embedding as before. 

Portions of both muscles were retained after dehydration in ethanol for ee 
metric analysis of their nucleotide contents. 

Embedding, sectioning, autoradiography, staining. The procedure was essentially similar 
to that used earlier (Hill, 1960). As before, crystal violet was found to be the most suitable 
dye for staining the muscle, both in uncovered sections and in sections covered with the 
autoradiographic film. In some cases the sections were stained, as before, with 20 mm 
crystal violet dissolved in 100 mM acetate buffer at pH 4-0; in others 100 mm phosphate 
buffer at pH 7-5 was used. 

The autoradiographs were examined with a high-power oil-immersion objective (N.A. 1-3), 
and photographed on Kodak P. 200 plates, with a colour filter to provide the required 
contrast. The relationship between the stained regions and the A and I bands was established, 
whenever necessary, by using polarized light. 


RESULTS 
The stain pattern with crystal violet 


M. ext. long. dig. IV, fixed by freeze-substitution. The muscle showed clear 
N bands (PI. 1, fig. 1) when the sections were stained with crystal violet 
at pH 4. (It should be pointed out that the N bands of muscle which have 
been described by earlier workers are narrow lines within the I band. The 
basophilic material referred to here occupies a region which may be 
relatively broad when the sarcomere is extended, and indeed the bands 
(Pl. 1, fig. 1) seem to occupy the whole of the I region except for the part 
containing the Z line. It is therefore perhaps misleading to refer to them 
as N bands; the phrase ‘basophilic material in the N-band region’ would 
not prejudge the issue, but it is avoided for the sake of brevity.) As in 
the earlier work (Hill, 1960) the pattern which was obtained depended 
upon the permeability of the methacrylate. The permeability could be 
reduced by heating the sections to 180° C for a few minutes before staining 
at room temperature. On the other hand, it was increased by raising the 
temperature slightly; for instance, if the stain solution was warmed to 
40° C the muscle tissue in a section picked up the dye more readily than at 
room temperature. The pH of the solution also affected the permeability ; 
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when the solution was at pH 7-8 the dye entered much more freely than it 
did at pH 4. An alkaline solution (for instance, photographic developer) 
caused an irreversible increase in the permeability of a section, so that even 
after subsequent washing the permeability remained abnormally high. 

When the methacrylate was relatively impermeable the stain pattern, 
in this case simply N bands, was sharp and clear. The changes which 
occurred when the permeability was progressively increased were similar 
to those which have been described earlier (Hill, 1960); the first noticeable — 
change was a blurring of the N bands, followed by an apparent ‘splitting’ 
of each band to give new lines of stain at the position of the Z lines and of 
the A lines. Finally, the stain was acquired by the greater part of the A 
band, so that the region between the A lines filled up and the latter were not 
separately discernible. When the stain was buffered at pH 7-5 only the 
‘final’ stage in the transformation (i.e. a Z- and A-band pattern) was 
obtained (PI. 2, fig. 2); under these conditions neither the N-band pattern — 
nor the A lines were seen. 

With the m. ext. long. dig. IV fixed by freeze-substitution the N-band 
pattern, seen only under conditions of high permeability and low pH, 
appeared to be unusually labile compared with that obtained previously 


(Hill, 1960). The transformation to the Z—A pattern occurred so readily 


that it was possible to be certain of obtaining a sharp, uniform, picture 
only if the stain was buffered at alkaline pH (7-5), in which case the Z—A 
pattern was fully brought out. For clarity in analysis the autoradiographs 
were stained in this way. 

The spacing of the N bands has been referred to previously (Hill, 1960) 
and the dependence of the separation of the members of a pair upon the 
over-all sarcomere length was considered to be a matter of some interest, 
because of its possible bearing on the problem of deciding what structures 


- possess, or contain, the basophilic material in question. There was some 


indication (Hill, 1960) that the spacing of the members of an N pair — 
increased and decreased with the sarcomere length. Some further infor- 
mation on this point is now available. Sections from various parts of m. 
ext. long. dig. IV, fixed by freeze-substitution, showed a range of sarco- 
mere lengths, and the corresponding spacings were measured. At sarco- 
mere lengths of 2-9, 3-1, 3-3 and 4-0 the N-band spacings were respec- 
tively 0-88, 0-97, 1-0 and 1-2. The figures quoted previously (Hill, 1960) 
were for sarcomere lengths of 2-7 and 3-1, when the N-band spacings were 
respectively 0-74 and 0-98 u. There seems little doubt that in this range of 
sarcomere lengths (2-7—4-0 1.) the N-band spacing increases and decreases 
with the length of the muscle. At shorter lengths no reliable figures are 
available to show whether the spacing continues to decrease as the muscle 


shortens further. 
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Sartorius muscle fixed in lanthanum-free solution. The stain pattern using 
crystal violet at pH 4 is shown in PI. 1, figs. 2,3. Even after taking the mosi 
stringent precautions to ensure low permeability of the methacrylate, the 
N bands were completely absent, and no intermediate stages in the trans- 
formation from the N-band to the Z—A-line pattern were ever seen. The 
pattern was mostly the one shown in PI. 1, fig. 2, and consisted of Z and A 
lines with very little stain between them; a few fibres were stained more 
deeply, and in these (PI. 1, fig. 3) the A band, between the A lines, had also 
taken up the stain. 

The A lines lie just inside the A band, close to the boundary with the I 
band. There is some evidence, for sarcomeres of 2-2—2-7 u, that the A lines 
retain this close relationship with the boundary as the length of the muscle 
changes, for their separation as measured across the A band was constant 
(Pl. 1, fig. 2), and it may be assumed that the A band itself has a fixed 
length over this range. It seems, therefore, that the stainable material in 
these A lines is not associated with the I filaments, for the latter are 
believed to move in and out of the A band when the length of the sarco- 
mere changes. It follows that the A-line substance must be either extra- 
fibrillar or, alternatively, ‘tied’ to the A filaments. 


Autoradiography 

M. ext. long. dig. IV, fixed by freeze-substitution. Autoradiographs of 
transverse and longitudinal sections were. made. In transverse sections 
the distribution of radioactivity was found to be uniform, and differed in | 
this respect from the non-uniform distribution seen previously in a muscle 
fixed at 20°C in osmium tetroxide and lanthanum. This difference was 
to be expected, since the factors presumed (Hill, 1960) to be responsible 
for the aggregation near the fibre surfaces in the unfrozen muscle would 
not be operative when a frozen muscle was fixed, for in the latter the 
lanthanum would penetrate to all parts of the fibre while the nucleotide 
was in an immobilized state. 

Grain counts were made with autoradiographs of both transverse and 
_ longitudinal sections. From these counts an estimate was made (the basis 
of the calculation is given by Hill, 1959) of the isotope content of the 
muscle, expressed in terms of the amount of isotope injected per gram of 
frog. This varied from 0-1 to 0-3e/g muscle per pe/g frog, in different 
parts of the muscle. It is comparable with values found on other occasions. 
The autoradiographs made with longitudinal sections were stained with 
crystal violet at pH 7-5. The distribution of the silver grains, in relation 
_ to the boundaries of the A and I bands, was measured in the same way as 
before (Hill, 1959, 1960). The result is shown in Text-fig. 1. There is clearly 
a peak in the distribution in the A band, at or about the A lines, while at 
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the centre of A there is a minimum in the frequency of occurrence. The 
distance between these two points is about 0-6. According to an earlier 
calculation (Hill, 1959) a disk source, with its plane at right angles to the 
long axis of the muscle, would produce a yield of about 10-20 % of the 
maximum at a distance of 0-6 along the axis on either side of the disk. 
If it is as little as 10 % (and, in point of fact, the indications are (Hill, 1960) 


_ that the resolution is perhaps rather better than what had been calculated), 
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Text-fig. 1. Distribution of grains in autoradiographs of m. ext. long. dig. IV 
fixed by freeze-substitution. A total of 1908 grains is represented. These are 
grouped in thirteen blocks between the centre of the I band (arrow at left) and 
the centre of A (arrow at right). The arrow at B is placed 0-75 u from A and repre- 
sents the position of the A-I boundary. The variation expected from random fluctua- 
tions in the radioactive emission is indicated by the uppermost and the lowest 
horizontal lines at the top of each block; these are displaced by 1 s.p. above and 
below the recorded value. Sarcomere length, 2-74 4. Muscle section 0-3 yu thick; 
exposure 11 days. 


_ it follows that some of the nucleotide must be located in other regions of 


the A band besides that indicated by the peak in the distribution, for the 
frequency at the centre of A is 32% of that at the peak. Suppose that 
there is a uniform level of activity in A in addition to the aggregate at the 


_ peak position. Roughly, this uniform ‘background’ will account for 64 


grains in each of the seven blocks to the right of the diagram. It may then 
be calculated that the aggregate of nucleotide at the position of the peak 
amounts to 51% of the whole. There is, in addition, a further source of 


_ Tadiation in the I band, and though there is some indication that this is in 
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the form of an aggregate on the Z line the standard errors in the counts are 
too large for the tendency in the distribution to have much significance. 

Sartorius muscle fixed in a lanthanum-free solution. Before describing 
the results obtained by autoradiography it is necessary to digress for a 
moment. It had been expected that the absence of lanthanum from the 
fixative would result in a loss of nucleotide. The simplest and most 
accurate way of measuring the proportion actually lost was by making a 
spectrophotometric assay of the adenine nucleotide in a weighed portion 
of the fixed muscle, and then to compare this with the amount present in 
the control muscle which had been fixed with a lanthanum mixture. The 
two samples for analysis were taken after dehydration of the fixed muscles. 
They were dried and weighed. The nucleotide was extracted with 5 °%, 
perchloric acid at 20° C. The extraction was found, by following the ultra- 
violet absorption, to occur rather slowly, being only about 70° complete 
in 90 min, and the extraction was continued for a total of 29 hr before the 
final measurement was made. The absorption spectra of the extracts 
showed that in both muscles some deamination of the adenine nucleotide 
had occurred, for the peaks were at 255 my instead of 260 my. The quanti- 
ties were estimated by using a molecular extinction coefficient of 1-3 x 104, 
which is intermediate between the value appropriate for adenylic com- 
pounds and that for the inosinic analogues. The fresh weights of the 
muscle samples were assumed to be five times the dried weights. The 
amount of nucleotide in muscle 1 (fixed in lanthanum-free solution) was 
7-3 m-mole/kg; in muscle 2 (fixed in the presence of lanthanum) it was 
6-0 m-mole/kg. These are in the range expected for normal muscle. It was 
assumed that nucleic acid was not extracted from the muscle, but in any 
case its contribution to the total optical density would be not. more than 
10% (unpublished observations). The accuracy in this estimation was 
largely determined by the accuracy of weighing the dried pieces of muscle. 
The weights were recorded as 2-4 and 2-9 mg, and these could have been in 
error by as much as 0-2 mg. It is therefore unlikely that there is any 
significance in the difference between the values estimated for the nucleo- 
tide contents in the two muscles. However, it is reasonably certain that 
most, if not all, of the nucleotide was retained in the muscle fixed ina 
lanthanum-free solution. This conclusion was confirmed by the subsequent 
estimate of the radioactivity of the muscle made from grain counts on the 
autoradiographs ; this was 0-17 uc/g muscle per ye/g frog. It is supported 
also by the results of another, similar, experiment using the same method 
of fixation. Spectrophotometric assay of the nucleotide in a portion of the 
muscle gave the value 8-1 m-mole/kg muscle; the radioactivity was 
0-29 e/g muscle per ye/g frog. No control muscle was used, but the figures 
again indicate that no substantial loss of nucleotide could have taken place. 
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An autoradiograph of a transverse section of the muscle fixed in lantha- 


-num-free solution shows that the distribution of activity in the individual 


fibres is uniform over the cross-section (Pl. 2, fig. 1). This is entirely dif- 
ferent from the distribution seen (Hill, 1960) after fixation of a muscle in 
a solution containing lanthanum. The transverse mobility has been lost, 
as of course was evident also from the fact that the nucleotide did not 
escape into a non-precipitating fixative. : 


800 
£ — 
> 


I A B 

Text-fig. 2. Distribution of grains in autoradiographs of a sartorius muscle fixed 
in a lanthanum-free solution. A total of 4367 grains is represented. These are 
grouped in thirteen blocks between the centre of the I band (arrow at left) and the 
centre of A (arrow at right). The arrow at B is placed 0-75 » from A and represents 
the position of the A-I boundary. The variation expected from random fluctuations 
in the radioactive emission is indicated by the uppermost and the lowest horizontal 
lines at the top of each block; these are displaced by 1 s.p. above and below the 
recorded value. Sarcomere length, 2:71 u. Muscle section 0-3 » thick; exposure 
8 days. 


Part of an autoradiograph of a longitudinal section is shown in PI. 2, 


_ fig. 2. (Attention is drawn to the explanation of this plate where there is a 


comment on the size of the silver grains.) Analysis of the distribution 
(Text-fig. 2) shows that a high proportion of the radioactive nucleotide is 
located at or about the A lines. The analysis was extended to include a 
large enough number of grains (4367) to confer reasonable significance 
upon a peak which appeared also at the position of the Z line. If, as before, 
it is assumed that a disk source produces a ‘tail’ equal in height to 10% 
of the peak, at 0-6. from the peak, it can be calculated that 78 % of the 
total nucleotide in the musele is aggregated just inside the A band in the 
position of the A lines. In addition there is a further deposit at the Z line; 
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this could not be more than about 10% of the whole, for the remaining 
10% has had to be allowed as ‘background’ in the A band. 

The distribution is in contrast with that (Hill, 1960) seen in a muscle 
fixed in a solution containing lanthanum, where the peak, associated with 
what was estimated to be 70% of the total nucleotide, was found to be in 
the position of the N bands. 

The identity of the A and I regions of the sarcomere was established by 
using polarized light, in order to be quite sure that the various features in 
the stain pattern were correctly referred to the A and I bands. 


DISCUSSION 


It is undesirable to give too much weight to a particular interpretation 
of the type of distribution shown in Text-figs. 1, 2. The one which is pro- 
posed does not necessarily provide a unique solution because it depends 
too critically upon the data used here, and previously (Hill, 1959, 1960), 
for calculating the expected distribution of autoradiographic grains on 
either side of a ‘disk’ source running transversely across the muscle. 
These data have not been tested experimentally. It is not impossible (to 
take an extreme case) that the resolution is so much greater than has been 
supposed that the distribution observed can practically be taken to 
represent the actual distribution of the tritium in the sarcomere. In this 
event the results would suggest that there is a broad band of nucleotide 
in the muscle, rather than a highly concentrated aggregate. The change 
which is observed, as between muscles fixed in media with lanthanum 
either present or absent, would then have to be interpreted in a less 
dramatic way. It is implied, on the present basis, that 70 or 80°% of the 
nucleotide in a muscle may undergo a movement from one sharply defined 
site to another. An alternative view could be that the results show the 
presence of a broader band of nucleotide in the general region of the A-I 
boundary, the centre of which undergoes a small displacement in some 
circumstances. | | 

When the results described in this paper are taken in conjunction with 
the earlier ones (Hill, 1960) one feels disinclined to speculate very much 
about the meaning, in physiological terms, of the disparity in the results 
obtained by the different methods. The N bands and the A lines are sites 
which are preferred by the adenine nucleotide of muscle under the various 
conditions of fixation actually employed, and if they may similarly be 
preferred in certain circumstances in living muscle the problem remains to 
discover what these circumstances are. What physiological factors are 
involved in causing the nucleotide molecules to assume one rather than the 
other locality in living muscle? When lanthanum is present in the fixative 
a non-uniform distribution of radioactivity is seen in transverse sections 
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of the muscle, and it has been argued (Hill, 1960) that the nucleotide must 
be capable, under these conditions, of diffusing in a transverse direction 
across the muscle fibre. When the muscle is acted upon by fixative not 
containing lanthanum the mobility is lost ; this is proved first by the failure 
of the nucleotide to escape into the solution, and secondly it is confirmed 
by the display of an entirely uniform distribution in autoradiographs of 
transverse sections of the muscle. If lanthanum is absent mobility of the 
rucleotide is lost; and it is lost irreversibly, for even the subsequent 
introduction of lanthanum (which was present in the solution used for 
washing out the fixative) does not restore it. In view of this irreversibility 
it is perhaps justifiable to argue that what happens when lanthanum is 
absent is a degradative process. On the whole one inclines to the view that 
the earlier results, using lanthanum in the fixative, are the more likely to 
indicate the state in the normal resting muscle. The term ‘degradative 
process’ is not meant to imply that the concept of an A-line siting of 
nucleotide is not of physiological relevance. It is not impossible that the 
changes which occur in lanthanum-free fixative are analogous with those 


ensuing from activity of the normal muscle, and that physiological 


recovery is able to reverse the situation and restore the nucleotide to the 
N bands. Reactions which are irreversible in the fixative are not neces- 
sarily so in vivo. 

What, then, is implied by the results of the experiment with the m. ext. 
long. dig. IV? Lanthanum was present, and since degradative processes 
might be supposed to be slowed or halted by the low temperature at which 
fixation is assumed to have been effected, it might be hoped that results 
produced by this method would more nearly represent normality than 
would any of the others. The crux of the matter is in the role of the 
lanthanum in the freeze-substitution medium. Can it act as a precipitant 
by forming an insoluble nucleotide salt when water is absent? If not, the 
method is no better than one in which a lanthanum-free solution is used 


for fixing an unfrozen muscle. (There would not appear to be any simple 


way of testing the reaction of adenine nucleotide with lanthanum in a non- 
aqueous medium.) The ‘degradative process’, leading from the N-band to 
the A-line distribution, though no doubt greatly retarded by the low 
temperature, might, nevertheless, take place in the time given (6 days) and 
the end-results by the two methods would be similar. In fact, however, 
they are comparable only in so far as both experiments show distributions 
of nucleotide predominantly centred on the A lines. The stain patterns are 


“not identical, for basophilic material is present in the N-band region of the 


freeze-substituted muscle, but this is not so in the one fixed in the lantha- 
num-free solution. Is the contrast perhaps connected with the different 
degrees of aggregation at the A lines in the two cases? Where the N bands 
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are still present (freeze-substituted muscle) only about 50% of the 
nucleotide is aggregated at the A lines, compared with about 80% in the 
other case. The transformation from the N-band to the A-line condition 
may therefore be incomplete in the former, and this may account for some 
retention of the N-band pattern. The grain distribution (Text-fig. 1) could 
not, owing to insufficient resolution, give a definite indication of a sub- 
sidiary peak at the N-band region because it would be too close to the main 
one at the A lines. 

The state of phosphorylation of the nucleotide may be the main factor 
determining the preference of its siting. A new approach to the problem 
would be by establishing whether a preference of the nucleotide molecules 
for a particular site was associated with a definite state of phosphorylation. 
It may be taken for granted that nucleotide precipitated by lanthanum is 
immune from enzymic dephosphorylation. When lanthanum is present in 
the fixative does it penetrate into the muscle with sufficient rapidity to 
precipitate the nucleotide before there has been time for dephosphorylation 
to occur? Does dephosphorylation occur in lanthanum-free fixative? If 
questions such as these could be answered it might be possible to establish 
a correlation between siting and the state of phosphorylation. (Any 
investigation on these lines might encounter serious trouble when it came 
to determining the actual state of phosphorylation of the nucleotide, 
because of the difficulty of extracting the nucleotide from the fixed muscle 
without altering the degree of phosphorylation. ) 

Adenine nucleotide is present not only in the acid-soluble fraction, but 
also in the nucleic acid of muscle. It has been shown (Hill, 1959, 1960) that 
about 90% of the radioactivity is due to the acid-soluble nucleotide, and 
some 10% to the nucleic acid. The results obtained so far must therefore 
show primarily how the acid-soluble nucleotide is sited, and the siting of 
the nucleic acid must be entirely masked. The basophilic character of some 
component present at the N bands and A lines suggests these as regions 
where nucleic acid is located. Further experiments are necessary, using 
labelled purine or pyrimidine bases represented only in the different fornis 
of nucleic acid, for the purpose of locating their sites in muscle. This will 
be the subject of later work. 

The secondary bands and lines seen in striated muscle must surely be 
sites where chemical changes occur during the contraction or recovery of 
muscle. The Z line is thought to be concerned with the inward trans- 
mission of the excitatory influence of membrane depolarization (Huxley « 
Taylor, 1958), but very little, or nothing, is known about the M and N 
bands or about the A lines. In this connexion it is worth mentioning 2 
promising method, recently described, of investigating the distribution of 
well-defined protein fractions in sections of muscle. When such a fraction 
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has specific antigenic properties the corresponding antibody may be pre- 
pared, and if this is rendered fluorescent and then allowed to react with 
the antigen in a muscle section, the microscopical location of the fluor- 
escence indicates the site of the protein fraction in question. Marshall, 
Holtzer, Finck & Pepe (1959) have discussed the possibilities and limita- 
tions of this method in connexion with the location of actin, tropomyosin 
and of myosin fragments. The myosin fragments are of special interest 
here. Myosin may be split into two main fractions, the H and L fractions. 
The antigen of the H fraction is situated largely at or near the M line. The L 
fraction appears to be sited at the lateral parts of the A-band region. When 
the L fraction is further broken down a fraction known as L-1 is produced. 
This is of particular interest because of its unusual properties; it appears, 
from optical rotation studies (Cohen & Szent-Gydrgyi, 1957), to be largely 
a-helical in structure. It has the virtue of consisting almost entirely of a 
single antigenic species and is therefore well suited to location by the anti- 


_ body method. Marshall e¢ al. (1959) have shown that L-1 is rather sharply 


confined to the extreme lateral edges of the A band. This is precisely the 
location of the A lines where, according to the present results adenine 
nucleotide can, in specified circumstances, become aggregated. It is in- 


~~ teresting to note that the ATP-ase activity of myosin is confined to the 


H fraction and that the L and L-1 fractions have no enzymic properties. 


SUMMARY 


1. The work described is an extension of an earlier study of the location, 
by autoradiography, of tritium-labelled adenine nucleotide in sections of 
resting frog’s muscle. 

2. The method of freeze-substitution was used for fixing a m. ext. long. 
dig. 1V. Both osmium tetroxide and lanthanum nitrate were dissolved. 
in the ethanol used for substitution. 

3. Asartorius muscle was fixed with osmium tetroxide in a solution not 
containing lanthanum. It was found, unexpectedly, that adenine nucleo- 
tide was retained in the muscle despite the absence of any precipitant in 
the fixative. 

4. The autoradiographically determined distribution of nucleotide in 
the sarcomere showed in both cases that there was aggregation of a high 
proportion of the nucleotide at the ‘A lines’ (in the A band, near the 
boundary with the I band). In the m. ext. long. dig. IV, fixed by freeze- 
substitution, about 50% of the total activity was concentrated in this 
region; in the sartorius, fixed in lanthanum-free solution, the proportion 
was nearly 80%, and in addition there was a significant peak, representing 
perhaps 10% of the whole, centred on the Z line. 

5. The emphasis is primarily on the demonstration of the existence of 
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preferred sites. The physiological conditions under which the sites become 
active as centres for nucleotide metabolism are not known. 
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EXPLANATION OF PLATES 
PLATE 1° 

Fig. 1. A 0-34 section of a muscle (m. ext. long. dig. IV) fixed by freeze-substitution, The 
section was heat-sealed at 180° C for 6 min, and stained for 28 min at 30° C with crystal 
violet buffered at pH 4. The pattern consists of close-spaced pairs of N bands, Sarcomere 
length, 2-9 yu. 

Fig. 2. A composite photograph of the Z- and + line siabers at two sarcomere lengths. 
The sections, 0-5 » thick, were cut from a sartorius muscle which had been fixed in a lan- 
thanum-free solution. The sections were not heat-sealed. They were stained for 12 min at 
20° C with crystal violet buffered at pH 4. The pattern, typical of the greater part of the 
section, consists of Z and A lines; these are identified by observing that each Z line is flanked 
by two A lines, making a distinct triplet. Sarcomere lengths, 2-70 and 2:25 uy. The photo- 
graphs have been set alongside one another to illustrate the point that the distance between 
pairs of A lines as measured across the A band is the same at the different sarcomere lengths. 


Fig. 3. Another part of.the section seen in Fig. 2. Only a few fibres in the section stain in 
this way; the Z and A lines are seen, but in addition the A band, between the A lines, has | 
taken up some stain. Sarcomere length, 2-73 yp. 


PLATE 2 
Fig. 1. Autoradiograph of a transverse section of a sartorius muscle fixed in a lanthanum-. 
free solution. Section thickness, 0-2 4; exposure 49 days. Section not stained. The degree 
of blackening, indicating the amount of radioactivity, is uniform in the individual fibres, 
showing that the adenine nucleotide is evenly distributed in the cross-section. 


Fig. 2. Autoradiograph of a longitudinal section of a sartorius muscle fixed in a lanthanum- 
free solution. Section thickness, 0-3 1; exposure 8 days. The section was not heat-sealed; it 
was stained for 24 min at 20° C with crystal violet at pH 4, Sarcomere length, 2-71 u. The 
stain pattern is not the simple one consisting of Z and A lines which is characteristic of this 
preparation when bare sections are stained; for some reason the presence of the autoradio- 
graphic film causes the A band, between the A lines, to stain deeply, and the A lines are 
masked. The Z lines remain prominent. It should be noted that the images of the auto- 
radiographic grains are, for various reasons, considerably larger than the original silver 
bromide grains; the latter have a diameter of about 0-2, and the effective ‘target’ may 

be even smaller (Hill, 1960). The centres of the grain images may be pin-pointed wit!) 
accuracy, and it is justifiable to assume that the centre of the original ‘target’ is thereb) 

located. 
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RESPONSES OF FOETAL AND NEW-BORN MONKEYS 
TO ASPHYXIA 


By H. N. JACOBSON anp W. F. WINDLE 


From the Laboratory of Neuroanatomical Sciences, Field Station of 
Perinatal Physiology, National Institute of Neurological Diseases and 
Blindness, National Institutes of Health, Public Health Service, 
U.S. Department of Health, Education and Welfare, San Juan, 
Puerto Rico, U.S.A. 


(Received 21 April 1960) — 


Many clinical studies have implicated anoxia before or during birth as 
a cause of later neurological defects. This is thought to be one of the 
principal causes of human cerebral palsy and mental retardation, but few 
efforts have been made to apply laboratory techniques to a solution of the ° 
problem (Bailey, 1958). Studies of asphyxia neonatorum in foetal guinea- 
pigs have been correlated with histological changes in the nervous system 
(Windle & Becker, 1942, 1943; Windle, Becker & Weil, 1944; Windle, 
1958; Bailey & Windle, 1959). Other laboratory species have been used to 
‘investigate effects of oxygen deprivation after birth (Ford, 1928; Fazekas, 
‘Alexander & Himwich, 1941; Meier & Bunch, 1950; Meier & Menzel, 1955) 
but without adequate anatomical controls. Yet the differences between 
human foetuses or new-born infants and these laboratory animals have 
been considered too great to permit close comparisons to be drawn. The 
primate should be a more favourable subject, and we have employed the 
rhesus monkey, Macaca mulatta, which has much in common with man in 
Tespect to the physiology of reproduction, although its gestation period is 
shorter (168 days, on the average; van Wagenen, 1958) and the offspring 
is more advanced in development at birth. 


METHODS 


Rhesus monkeys were provided from caged colonies. They were mated during ome 24-hr 
period of the menstrual cycle. The maintenance of caged breeding colonies, the practice 
employed to obtain timed matings, and the procedures used in rearing asphyxiated and 
norin«l infants in a nursery have already been described (Jacobson & Windle, 1960). 

Fovtuses were delivered, without rupturing the foetal membranes, by Caesarean section 
unde local anaesthesia at 159+ 2 days of gestation. The foetus was asphyxiated by leaving 
it wi:hin the membranes for a variable interval of time after the last gasp. After it had been 
rem. ved from the membranes, an airway was established by tracheal intubation through a 
neck ‘ncision in the first four experiments, but this was discontinued in favour of endo- 


29-2 


in 
iq 
‘ q 
4 
4 F 
1 


448 H.N. JACOBSON AND W. F. WINDLE 


tracheal catheterization in the last ten.. A polyethylene catheter with an external diameter 
of 0-11 in. (2‘8 mm) was inserted through the larynx into the trachea under direct vision ; 
it was anchored by a thread to the lower lip. A rubber bag containing oxygen was attached 
to the catheter and the foetus was resuscitated by intermittently inflating the lungs at a 
rate of approximately 50/min, and at pressures of 30-42 mm Hg. Ventilation was controlled 
manually so that administration of oxygen could be adjusted to correspond to the new-born 
infant’s own pattern of respiration, once this reappeared. Resuscitation was discontinued 
when the new-born infant was able to breathe by itself. Twelve foetuses were successfully 
resuscitated and survived for at least 24 hr. 

Seven new-born monkeys 1-2 days old, and one of 158 days’ conceptual age, were 
asphyxiated by placing them in a glass jar through which nitrogen was flowing. Of these 
eight monkeys, two were delivered by Caesarean section at 157 and 158 days, five were 
born vaginally at term, and one was born vaginally at 148 days, but was reared to a con- 
ceptual age of 158 days to correspond with the other new-born monkeys. The time to last 
gasp was measured. In four experiments the period of asphyxia was continued beyond the 
last gasp. In four other experiments resuscitation was begun as soon as possible after the 
last gasp. 

The duration of asphyxia was measured from the time at which the placenta was separated 
from the endometrium, or at which an infant monkey was placed in nitrogen, until the 
moment when oxygen was passed into the lungs. The foetal heart rate was counted either 
from pulsating vessels, where visible, or from an electrocardiogram. Unasphyxiated 
monkeys of similar ages were also used for studies of behaviour and for histological exami- 
nation of the central nervous system. Asphyxiated surviving monkeys and controls were 
killed by perfusion-fixation through the ascending aorta, with drainage from the right 
atrium and inferior vena cava (Kcenig, Groat & Windle, 1945; Cammermeyer, 1960). 


RESULTS 


Actimty during asphyxia. Hight of the twelve foetuses delivered within 
the membranes (and thus asphyxiated) responded briefly to the mechanical 
stimuli of delivery by moving their limbs and trunks; on one occasion 
sucking was seen. As soon as handling stopped, the foetus in its membranes 
became quiescent. Later strong rhythmical mass movements occurred 
in some foetuses for a few seconds only. No meconium was passed. 
Respiratory efforts began 153+ 38 (s.D.) sec after placental separation. 
They usually occurred at a frequency of 5-6/min, but frequencies up to 
20/min were encountered twice. The respiratory movements first increased 
in amplitude, then gradually became weaker, and after lasting for an 
average of 6 min 50 sec finally ceased. 

New-born monkeys placed in nitrogen struggled for air, defaecated, 
salivated, and vocalized for the first 3-4 min, after which they became 
comatose and apnoeic. After a little while gasping began and continued, 
on the average, for a further 5 min 42 sec. 

Heart rate. The heart rate of the anaesthetized unasphyxiated monkey 
foetus at Caesarean section is 140-170 beats/min (Dawes, Jacobson, 
Mott & Shelley, 1960). Rates of 100-180 beats/min have been recorded 
through the intact abdomen during the last third of gestation (Hartman, 
Squier & Tinklepaugh, 1930). That of the unanaesthetized new-born 
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monkey is 205 + 20 (s.D.) beats/min. The heart rate of seven foetuses in the 
present experiments declined slowly and progressively during asphyxia 
(Text-fig. 1). The average heart rate after 3-4 min was 86 beats/min 
(range 60-108): after 6-7 min it had fallen to 67 beats/min (range 42-92) 
and continued to decline through the remainder of the asphyxiation. 

Another foetus was atypical. Electrodes were applied to the foetal 
membranes 4 min after delivery, when the heart rate was only 36/min. 
This was a rate ordinarily encountered only after 7-8 min asphyxia 
(Text-fig. 1). Furthermore, the foetus could not be aroused and made no © 
respiratory efforts after delivery from the uterus. This could be explained 
by a period of hypoxia before the experiments, though there was no direct 
evidence of this. : 


Heart rate (beats/min) 


Minutes 
Text-fig. 1. The course of heart rate changes during asphyxia in foetal (@, 7) and 
new-born (O, 5) monkeys; the number of animals in each group is shown in 
brackets. The vertical broken line indicates time of onset of asphyxia. Range of 
heart rates in the foetus before asphyxiation is from Hartman et al. (1930). 


The effect on heart rate was different in new-born monkeys placéd in 
nitrogen. At first there was a slight increase in the average heart rate, from 
202 to 226 beats/min, followed by a sharp fall to 52 beats/min (range 
30-72): This occurred between 1 and 3 min after the start of nitrogen 
breathing (Text-fig. 1) and coincided with salivation, defaecation, and 
struggling. After the initial fall the heart rate gradually increased to _ 
88 beats/min (range 78-108) between 9 and 10 min after the start of 
anoxia. Thereafter the rate declined. 

Resistance to O, lack. The resistance to anoxia may be measured by the 
longest period of oxygen lack to which a foetus or new-born infant can be 
subjected and, when resuscitated, survive for at least 24 hr. At first, the 
time at which resuscitation was begun was based on the supposition that 
the last gasp closely anticipated the limit of tolerance of the foetus. There- 
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fore, in ten experiments, the foetus was removed from the membrane: 
when its respiratory efforts had ceased, and was resuscitated as quickly as 
possible. The time from the last gasp to the onset of resuscitation varied 
from 2 min 52 sec to 6 min 54 sec (Table 1), and it was clear that the time 


of the last intra-amniotic gasp did not signify that the end of tolerance was | 


imminent, since all of these monkeys were resuscitated and survived at 

least 24 hr. In the next two experiments the foetus was removed from the 

membranes as usual and prepared for resuscitation, but asphyxia was 
2 


TaBLeE 1. Resistance of foetal monkeys to asphyxia 


Time, Time, 
. last gasp to resuscitation to 
Duration of Time to resuscitation spontaneous 

asphyxia last gasp with O, breathing 

no. min sec min sec min sec min sec 

_A Survived for 24 hr 
6 ll 11 8 19 2 52 6 19. 
2W 13 30 10 16 3 14 9 10 
65 ll 33 8 13 3 20 8 27 
60 14 05 10 44 3 21 10. 55 
66 13. 15 8 54 4 21 8 45 
31 17 00 12. - 20 4 27 13. 00 
57 ll 58. 7 03 4 55 12 02 
26 15 50 10 35 5 15 10 00 
69 16 00 10 39 5 21 14. 10 
33 16 20 10 52 5 28 17 00 
76 14 15 8 47 5 28 14 25 
63 13. 25 6 31 6 54 13. 05 
Average 14 02 9 26 4 37 ll 26 
_B Did not survive 24 hr 
80 16 33 | 6 14 10 19 120 (approx.) 
71 21 30 8 29 13 Ol No gasps 


continued until the heart rate had diminished to 30 beats/min. The.times. 


froni the last gasp to resuscitation were 5 min 21 sec and 5 min 28 sec, 
and both survived. Resuscitation was delayed further in two more 
experiments. The asphyxia was continued for 4 min after the heart rate 
had been reduced to 30 beats/min; the intervals between the last gasp and 
resuscitation were 10 min 19 sec and 13 min 1 sec (Table 1B): these two 
monkeys did not recover. 

The experiments on new-born infants are illustrated in Table 2. In four 
monkeys (Table 2B), the intervals between the last gasp and resuscitation 
(2 min 30 sec—6 min 24 sec) were comparable with those of surviving 
_ foetuses (Table 1), but the new-born monkeys did not recover. Four other 
monkeys (Table 2.4) were removed from the nitrogen after a gasp that was 
considered to be the last. Three of these made feeble inspirations after 


removal from the nitrogen and before oxygen was administered. The othe’ 


monkey was resuscitated 1 min 29 sec after its last gasp. All four survived. 
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Thus all the foetal monkeys asphyxiated in their membranes survived 
anoxia for longer periods of time than the new-born monkeys placed in 
nitrogen. 

Recovery from asphyxia. Asphyxiated foetuses started breathing after 
intervals varying from 6 min 19 sec to 17 min from the onset of resusci- 
tation (Table 1). This period showed a direct correlation with the interval 
between the last gasp and the initiation of resuscitation (r = 0-83, 
P <0-01). By contrast, in the four surviving new-born monkeys spon- 
taneous respiratory movements occurred within 1 min after oxygen 
entered the lungs (Table 2). In those foetal and new-born monkeys which 
were successfully resuscitated the heart rate began to recover almost 
immediately after oxygen administration started. | 


TaBLE 2. Resistance of new-born monkeys to asphyxia 


Time, 
last gasp to resuscitation to 
- Duration Time to resuscitation spontaneous 
of asphyxia last gasp with O, breathing 
no. min sec min sec _. min sec min sec 
_ A Survived for 24 hr 
79 8 00 ce 0 00 0 00 
93 10 15 10 15 0 00 0 00 
92 10 50 9 36 1 14 1 00 
91 10 39 9 10 1 29 0 46 
B Did not survive 24 hr 
1W 13 35 ll 05 2 30 No gasps 
77 13 02 10 02 3 00 4 58 
90 16 05 10 20 5 45 No gasps 
87° 14 22 7 58 6 24 No gasps 


Later effects of anoxia. There were many differences between the 
behaviour of all the monkeys asphyxiated in amnio and that of normal 
animals delivered by Caesarean section, as observed during the weeks or 
months after birth. These suggested. that the asphyxiated foetuses had 
suffered cerebral damage, and detailed descriptions of the behavioural 
changes are being published elsewhere (Ranck & Windle, 1959; Robert de 
Ramirez de Arellano, McCroskey, Dennery & Windle, 1959; Saxon, 1960a, 
b; Windle, Jacobson, Robert de Ramirez de Arellano & Combs, 1960). 
New-born monkeys resuscitated after breathing nitrogen recovered rapidly. 
There were no apparent differences between them and normal infants of 
comparable ages. | 

he successfully resuscitated infants (which had been asphyxiated as 
foetuses) and controls were usually killed for histological studies 3-14 days 
afte: asphyxia (one was killed 10 months later). Structural changes in the 
central nervous system were encountered in all the asphyxiated monkeys 
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examined histologically. The lesions of some of these have been described 
elsewhere (Ranck & Windle, 1959). In five serially sectioned specimens a 
bilaterally symmetrical pattern of neuronal loss and neurological reaction, 
conforming to nuclear boundaries, was observed. The nuclei of auditory, 
vestibular, and somatic afferent pathways, including the thalamus, were 
usually severely injured, with maximal effects appearing in the inferior 
colliculi (Pl. 1A). In some the cerebral cortex, hippocampus, cerebellum, 
and spinal cord were also involved. Haemorrhages related to asphyxia 
were not found. 

The monkeys which survived exposure to nitrogen after birth were 
killed 10-13 days later. The structure of the central nervous system of these 
animals was strikingly different from that of monkeys asphyxiated in 
amnio. No focal lesions were encountered in the brain stem, although the 
possibility of some diffuse neuronal loss could not be ruled out with the 
methods used (Pl. 1C, D). The cerebral cortex, hippocampus, cerebellum, 
and spinal cord appeared to be free from defects, resembling the control 
specimens in all respects. 


DISCUSSION 


The length of the interval of time during which a monkey foetus, under- 
going asphyxiation within its membranes, could be successfully resusci- 
tated was variable. Intra-amniotic respiratory movements started at 
different times after placental separation; indeed, they did not appear in 
' one foetus that’ was considered to be moribund in-utero. Probably their 
occurrence is related to declining oxygen saturation of the foetal blood in 
the monkey, as it is in other species of animals (Windle, 1940). Lacking 
any estimation of the foetal oxygen reserve at the moment of interruption 
of the placental exchange, we could not predict the length of time the 
foetus would survive before resuscitation became imperative. 

When asphyxiation was terminated at or just before the time of the last 
gasp within the foetal membranes, resuscitation was not required. How- 
ever, when resuscitation was delayed further, until the foetal pulse had 


slowed to 30 beats/min or less for a period of 4 min, the monkey foetuses 


_ failed to survive. The last time, compatible with life, at which resuscitation 
must be started is between 7 and 10 min after the last gasp within the 
membranes. These observations enable one to make a closer estimation of 
the limit of tolerance of foetal monkeys to asphyxiation than could have 
been obtained by arbitrarily chosen time limits. Had 10 min been selected, 
for example, as the terminal limit of asphyxiation within the foetal 
membranes, monkeys 2W, 60, 31, 26, 69, and 33 would have gasped air 
spontaneously upon breaking the amnion. 

How long a period of asphyxia a foetal monkey might tolerate without 
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cerebral defects being produced has not been determined. The average 
interval of time after the last gasp of surviving monkeys was 4 min 37 sec; 
all of them were damaged, several of them severely, and histological 
studies revealed brain lesions. It is hardly to be believed that monkey 57 
(Windle et al. 1960) could have survived more extensive neural tissue 
damage than it received, even though resuscitation was started after the 
average lapse of time. On the other hand, in some of the experiments in 
which greater than average lapses of time occurred the monkeys appeared 
to have been less severely affected neurologically. 

In the new-born monkeys which were given nitrogen, resuscitation was 
ineffectual when begun more than 2-5 min after the last gasp. The decline 
in heart rate was more precipitous than that encountered in the foetus. 
Does the heart of the new-born and young monkey require more oxygen 
or has it fewer metabolic reserves to call upon than that of the foetus? 
Shelley (1960) and Dawes et al. (1960) observed that the glycogen content 
of the foetal heart muscle was higher initially and was still measurable 
2 min after the last gasp, whereas that of the post-natal monkey breathing 
nitrogen was almost wholly depleted at a corresponding time. The foetus 
consumes oxygen at a slower rate than the new-born animal. Furthermore, 
blood pressure and blood glucose respond differently in asphyxiated foetal 
and new-born monkeys (Dawes et al. 1960). These differences reflect 
fundamental changes taking place in early post-natal life, about which 


_ we have little knowledge at present. The initial higher glycogen reserve 


may help explain the greater resistance of foetal monkeys to asphyxia- 
tion. 

From the present experiments it is clear that the critical point for 
resuscitation of the new-born monkey after breathing nitrogen was con- 
siderably closer to the time of the last gasp—between 1 and 3 min—than 


‘in the foetus. No striking neurological nor histological defects resulted in 


the new-born animal from the procedure. This is another indication of 
difference between the two. Perhaps sensitivity of the heart to anoxia in 
the new-born monkey precluded the infant’s survival for a period of time 
adequate to produce neural damage. In other words, it might be that the 
heart of the new-born monkey is less resistant than the brain, but that the 
reverse is the case in the monkey foetus. 

It was unnecessary to prolong asphyxiation of the foetus beyond the 
end of intra-amniotic respiratory movements to induce neurological and 


histological defects. Changes have been observed’in one that had been 


asphyxiated for 11 min but required no resuscitation (Windle, unpub- 
lished). In contrast, the new-born monkeys asphyxiated for 1 min or more 
after the last gasp in nitrogen showed no clear defects. It would seem that 
10-11 min may be the critical length of time for which the monkey's 
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central nervous system can withstand oxygen deprivation at the end of 
gestation without apparent neural tissue damage. 

How this compares with conditions in human foetuses and infants is 
unknown. There are marked species differences. New-born rats placed in 
nitrogen continue to execute respiratory movements for 50 min; kittens 
and puppies, 25-28 min; new-born rabbits, 17 min; and guinea-pigs only 
about 7 min (Fazekas et al. 1941). Nothing is known about the effects of 
such procedures on the central nervous system of these animals. 

One cannot determine the degree of asphyxiation of a foetus at birth 
simply by inspection. Apnoea is not a reliable indication of severe oxygen 
want. Even in the absence of narcosis, the foetus is normally apnoeic before 
and during the early stages of a declining oxygen supply. The phenomenon 
of arousal is observed occasionally during mechanical stimulation, but the 
individual resumes quiescence when stimulation ceases (Windle, 1940). 
Oxygen want also induces arousal; moreover, it brings on rhythmical mass 
movements, including respirations in the form of gasps. The ‘apnoea’ that 
ensues when gasping ceases is asphyxial; but it may not be easy to dis- 
tinguish it from physiological apnoea. Clinical studies in which attempts 
are made to employ the interval of time between birth and onset of 
spontaneous respiration as an index of anoxia ignore these facts. The 
physiologically apnoeic (often narcotized) human foetus, capable of initi- 
ating respiratory activity without assistance by the resuscitator, is not an 
asphyxiated foetus. It should not be expected to exhibit neurological and 
psychological defects because it was found to be apnoeic. Arousal requires 
normally functional nervous centres, the thresholds of which may be 
affected by drugs, which can be avoided in experiments on _— by 
perteening operations under local anaesthesia. 


SUMMARY 


1. The responses of foetal monkeys asphyxiated in their intact mem- 
branes and of new-born monkeys asphyxiated in nitrogen are presented, 
together with estimates of their resistances to anoxia. 

2. Foetal monkeys within intact membranes were active for a short time 
after being delivered; thereafter they were quiescent except for gasping 
respirations during asphyxia. The foetal heart rate declined slowly during 
anoxia. They were successfully resuscitated as long as 6 min 54 sec after 
the last intra-amniotic gasp. 

3. New-born monkeys in an atmosphere of nitrogen struggled violently, 
defaecated and salivated. The heart rate fell precipitously, then rose 
gradually before ultimately declining. Resuscitation begun 2-5 min or 
more after the last gasp was not successful. 
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4. Brains of monkeys asphyxiated either within their membranes or in 
nitrogen after birth were examined histologically at various times after 
asphyxia. Severe, symmetrical, focal destruction was seen in brains of 


_ monkeys made anoxic as foetuses. Brains of new-born monkeys asphyxi- 
ated in nitrogen were not similarly affected. 


Many people participated in the experiments from which data reported in this com- 
munication were drawn. Surgical and physiological experiments were carried out with 
Drs C. J. Bailey, C. M. Combs, J. G. Frontera, L. Guth, D. L. McCroskey, C. A. Pfeiffer, 
Marisa I. Robert de Ramirez de Arellano, J. B. Ranck, Jr., Miss Sue V. Saxon, and Dr W. 
Stiehl assisted by Mrs Elizabeth Dorrill, Mr O. Nieves, and Mr J. O. Smart. 
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EXPLANATION OF PLATE 

Nucleus of the inferior colliculus: A, B, monkeys asphyxiated as foetuses; C, D, as new- 

born infants. Global necrosis in A is characteristic of inferior collicular lesions of foetuses 

asphyxiated in their membranes and killed 9 days later. At 10 months, as seen in B, gliosis 

has replaced the necrotic lesion. Many other nuclei were affected by asphyxia. Nitrogen — 

asphyxiation failed to produce these lesions in C and D, Thionine stain. 
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(Facing p. 456) 
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THE SURVIVAL OF YOUNG RATS IN NITROGEN 


By ANNE STAFFORD* ann JOSEPHINE A. C. WEATHERALL}+ 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 2 May 1960) 


Young animals that are born blind and relatively immobile can survive 
for a considerable period in the absence of oxygen. This resistance to 
anoxia decreases rapidly with increasing age, and reaches adult values 
within a few days to three weeks after birth. It has been established that 
glycolysis provides energy for anaerobic survival in young (Himwich, 
Bernstein, Herrlich, Chesler & Fazekas, 1942; Hicks, 1953) and foetal 
animals (Dawes, Mott & Shelley, 1959). The investigations of Himwich and 
his colleagues have been concerned mainly with the resistance of the 
brains of young animals to oxygen lack (Chesler & Himwich, 1944). More 
recently, Dawes et al. (1959) showed that the survival of foetal lambs after 
tying the umbilical cord is related to the amount of glycogen stored in the 
heart, and suggested that one of the limiting factors in anaerobic survival 
is the ability of the heart to maintain the circulation. There was also a 
direct correlation between the initial levels of carbohydrate in the hearts 
of new-born rats, rabbits and guinea-pigs and the times for which gasping 
movements persisted in nitrogen (Dawes et al. 1959). The experiments 
reported in this paper were designed to investigate the importance of the 
glycogen in the hearts of new-born rats for their survival in nitrogen, and to 
attempt to define more clearly the factors determining the anaerobic 
survival of new-born animals. 


METHODS 


Animals. Parturition in a rat usually lasts about 2 hr. During this time the first-born rats 
become cold. After labour is complete, the mother gathers all the rats into a nest and they 
start to feed. The temperature of the nest is 31-33° C. The number of animals in a litter 
varies from about eight to fifteen. The weight of a new-born rat is 4-5-5 g; the animals in 
_ the larger litters usually weigh less than the animals in the smaller litters. Before experi- 
ments the young rats were removed from the nest and were kept in a box maintained at 
33° C. Except in fasting experiments, rats were used within 2 hr of removal from the nest 
Rats of either sex and from 0 to 18 days of age were used. 

Exposure to nitrogen. Rats were placed in a double-walled glass tube. Water from a thermo- 
statically controlled bath was pumped between the walls of the tube so that the temperature 
within the tube was constant to within +0-2° C. Air or nitrogen passed through the tube 
wes humidified by being bubbled through water and warmed by being passed through coils 
in 2 water-bath. Nitrogen, as supplied commercially, was passed through at about 6 |./min 

* Charles Gilbert Heydon Travelling Fellow of the University of Sydney. 
t Personal grant from the Sir Halley Stewart Trust. 
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initially, and at about 2 1./min after 2 min. Samples of nitrogen from the cylinder and of the 


effluent gas, collected after passing nitrogen through the tube for 2 min, were analysed by: 


Haldane’s method, and contained less than 0-1 % oxygen. During exposure to nitrogen the 
rats were watched through the walls of the tube. The time between starting nitrogen and the 
last breath was recorded. The heart rate was recorded electrically from two fine wires looped 
round the thorax and lower abdomen, making contact through electrode jelly. The rat was 
placed in the tube and the electrode wires were led through the gas outlet to an amplider 
which drove a pen writer and a loudspeaker. The heart rate was counted at intervals before 
and during exposure to nitrogen. 

Biochemical estimations. Tissues were extracted in 5% trichloroacetic acid containing 
0-1 % Ag,SO, (Kemp & Kits van Heijningen, 1954) and total carbohydrate in the depro- 
teinized extracts was measured by the method of Mendel, Kemp & Myers (1954). As this 
method measures glycogen, glucose-1-phosphate, glucose and fructose, losses arising from 
glycogenolysis during sampling were reduced. Hearts were removed from the rats within 
15 sec after decapitation. If other tissues were taken from the same animals, the sampling 
was completed within 60sec. For estimation of total lactic acid production rats were 
decapitated and the head and body homogenized in deproteinizing fluid in a M.S.E. high- 
speed blender. Lactic acid was measured in the deproteinized extract by the method of 
Barker & Summerson (1941). Blood was collected on a siliconed watch-glass. The volume 
was measured in a graduated 0-1 ml. pipette which had been rinsed with heparin-tiuoride 


solution (0-4 % heparin, 8 % sodium fluoride). Volumes between 0-04 and 0-10 ml. could be 


obtained from new-born rats. Blood was deproteinized with 5% ZnSO, 7H,O and 0-3n- 
NaOH. Glucose was measured by the glucose oxidase method of Huggett & Nixon (1957) 
and lactic acid by the method of Barker & Summerson (1941). 


The figureg quoted for survival times and for biochemical estimations are expressed as _ 


mean + standard error throughout. 
| RESULTS 
The behaviour of new-born rats in nitrogen 


Shortly after new-born rats (< 1 day old) were placed in nitrogen their 
respiration became rapid and shallow. They struggled a little, but did not 
have convulsions; there was a pronounced fall in heart rate (Fig. 8). From 
2 to 20 min after exposure to nitrogen breathing became irregular and 
sometimes intervals as long as 4 min were seen between gasps. From about 
20 min onwards, gasps became more frequent (1—2/min) and reached a 
maximum rate of about 12/min which persisted for only 30-60 sec. 
They stopped abruptly. After this there were no further respiratory move- 
ments. Rats taken out of nitrogen during this final phase of rapid gasping 
recovered, apparently completely. Rats left in nitrogen until 15 sec after 
breathing had stopped did not breathe again. The survival time of a new- 
born rat in nitrogen was about 28 min at an environmental temperature 
of 36°C. Electrical activity in the heart was measurable for 5-10 min 
after the last breath. As the last breath could be timed with reasonab!e 
precision, this was used as an end point for survival. At lower environ- 
mental temperatures (20° C) the terminal acceleration of breathing was not 
so clear, but in experiments at 36° C it was seen in all rats. 

Rats 16 days old had convulsions from about 15 to 30 sec after exposure 
to nitrogen. There was then a period of apnoea lasting 30 sec or more, whic! 
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was followed by gasps which increased in rate and decreased in depth for 
the last 15 sec. The mean survival time (to the last gasp) was 2-5 min at 


86°C. Rats of 2, 4 and 8 days of age behaved like new-born rats, but the 


duration of each phase became shorter with increasing age. 


25- 


Heart total carbohydrate (mg/g) 


20-22° C 
0 10 20 30 40 50 60 


Minutes in nitrogen 


Fig. 1. Rates of depletion of total carbohydrate in the hearts of new-born rats 
exposed to nitrogen at different environmental temperatures. Each point is the 
mean of two to four observations. The last point is at the mean time to last breath. 


Changes in blood and tissue carbohydrate and lactic acid 
in new-born rats exposed to nitrogen 


Figure 1 shows the decrease of heart carbohydrate in rats less than 24 hr 
old which were placed in nitrogen at different environmental temperatures. 
The time to last breath decreased as the temperature of the chamber was 
increased; heart carbohydrate fell more rapidly at higher temperatures. 
In all the following experiments in this series rats were exposed to 
nitrogen at 35-36° C. 

Changes in blood glucose and the carbohydrate concentrations in 
various tissues were measured in rats less than 24 hr old exposed to 
nitrogen, Preliminary experiments indicated a wide variation in the initial 
concentration of liver carbohydrate, which ranged from 4 to 100 mg/g in 
rats less than 24 hr old. On further investigation it became apparent that 
the concentration of carbohydrate in the liver was related to the time after 
birth. Figure 2 shows that the concentration of liver carbohydrate in two 
litters of unasphyxiated rats at birth ranged from 50 to 90 mg/g, but fell 
rs pidly during the first 18 hr of life. This fall occurred although the young 
rets were suckled, and milk was visible in their stomachs through the 
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body wall. On exposure to nitrogen a rise in blood glucose was found in 
rats which had initially a high liver carbohydrate, but only a progressive 
fall in blood glucose in rats with a low liver carbohydrate. For instance, 
the mean liver carbohydrate in two litters of rats less than 4 hr old was 
58+7-7 mg/g and during exposure of litter-mates to nitrogen this fell to 


36+ 3-4 mg/g. The blood glucose concentration, which was initially 
73+8-5 mg/100 ml., rose during anoxia to 116+7-:2mg/100 ml. and 
remained at about this level until the last breath. 
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Hours after birth 


Fig. 2. The concentration of carbohydrate in the livers of new-born rats from two 
litters (O, litter A; @, litter B) killed at different times during 18 hr after birth. 


In three litters of rats 18-24 hr old the concentration of liver carbo- 
hydrate, which was initially much lower than in the younger rats, fell 
during exposure to nitrogen by only about 4 mg/g (Fig. 3). The blood 
glucose, initially 63 + 6-9 mg/100 ml., fell during exposure to nitrogen to 
23 + 5-2 mg/100 ml. The total carbohydrate in the heart was almost depleted 
but in skeletal muscle, lung and skin fell only slightly during anoxia (Fig. 
3). As the mean survival time (28-6 min) of litter-mates of ten rats with a 
low initial liver carbohydrate (< 10 mg/g) was not significantly different 
(P > 0-9) from that (28-4 min) of litter-mates of fifteen rats with a high 
initial liver carbohydrate (mean 51 mg/g), it appears that the ability to 
mobilize liver glycogen was not of great importance for survival in nitrogen. 
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_ Concentrations of carbohydrate in the heart and liver fell by about the 
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The changes in concentrations of lactic acid and of heart and liver 
carbohydrate in new-born rats before and after exposure to nitrogen are 
summarized in Table 1. From this it will be seen that during anoxia lactic 
acid in the bodies of rats less than 12 hr old increased from 0-24 to 1-78 
mg/g; this amounted to a change of +7-3 mg in a rat weighing 4-7 g. 


same amount (21-22 mg/g) but the liver weighed about eight times as 
30 


20F- 


Tissue total carbohydrate (mg/g) 

Blood glucose (mg/100 ml.) 


10 
20 
Muscle 


0 20 30 
Minutes in nitrogen at 36° C 


Fig. 3. Concentrations of blood glucose and tissue carbohydrate in new-born rats 
(18-24 hr old) after exposure to nitrogen for 10 or 20 min or until the last breath. 
Each point is the mean of four to ten observations (x blood glucose; @ heart; 
O skeletal muscle; © lung; &@ liver; © skin). 


much as the heart. The loss of carbohydrate from the liver and heart was 
estimated as 5-2 mg and could account for 72% of the increase in lactic 
acid. These results suggested that the carbohydrate mobilized from the 
livers of young rats during anoxia was being metabolized to lactic acid, 
but further experiments seemed necessary to determine the relative 
significance of heart and liver carbohydrate as energy reserves for anoxic 
survival. 


Changes in survival time in nitrogen and in heart and 
liver carbohydrate with age 
The survival times in nitrogen and the initial concentrations of carbo- 


hydrate in the hearts and livers of rats from 0 to 16 days of age are shown 
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in Fig. 4. It will be noticed that the large fall in liver carbohydrate during 
the first 24 hr after birth was accompanied by only small changes in the 
concentration of heart carbohydrate and in the survival time. After the 


TABLE 1, Mean concentrations of lactic acid in whole rats, and of carbohydrate in 
hearts and livers of rats less than 12 hr old before anoxia, and of litter-mates exposed to 


nitrogen until last breath 
Before 
anoxia 
(mg/g) 
Whole body 0:24 (7) 
lactic acid 
Heart carbo- 26 (7) 
hydrate 
Liver carbo- 58 (8) 
hydrate 


After Change Mean 
exposure in con- tissue Total 
to nitrogen centration weight change 
(mg/g) (mg/g) (g) (mg) 
1-78 (9) + 1-56 4:7 +73 
4-7 (13) —21:3 0-03 
36 (8) | 5:2 


The figures in brackets indicate the number of rats. 


30F 


min 


mg/g 


Ot 
| Age in days 
Fig. 4. Concentrations of carbohydrate in the hearts and livers of unasphyxiated 
new-born rats and the survival times in nitrogen of their litter-mates during 17 days 
after birth (each block shows the mean and s.r. of ten observations). 
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these experiments. 


the survival times in nitrogen of litter-mates were measured before fasting 


greater (Fig. 5). 


_ the heart and blood do not prevent the utilization of the 5-6 mg/g of carbo- 


_ tion by anoxia the of heart carbohydrate returned almost 
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first day of life, the concentration of carbohydrate in the liver began to 
rise, until in 16-day-old rats it had risen to more than half the concentration 
at birth.. At this age the concentration of carbohydrate in the heart and 
the survival time in nitrogen had fallen to the lowest levels observed in 


The effect of fasting on heart and liver carbohydrate and 
on survival time in nitrogen 


Rats up to 6 hrold were removed from their nests and kept in a humidified 
box maintained at 33+ 1° C. Preliminary experiments showed that control 
of temperature was essential, as the body temperature (measured with a 
rectal thermocouple) followed the environmental temperature closely and 
the carbohydrate in the tissues disappeared more slowly at lower tem- 
peratures. The concentrations of carbohydrate in the heart and liver and 


and after 3, 6 and 12 hr fasting. 

After 12 hr fasting rats had a lower concentration of nicitcvadn in 
their livers than fed rats of the same age. During fasting the concentration 
of carbohydrate in the liver decreased rapidly, while the concentration of 
carbohydrate in the heart fell more slowly. After 3, 6 and 12 hr fasting, 
the percentage reductions in survival time and in heart carbohydrate (CHO) 
were closely similar; the percentage fall in liver carbohydrate was much 


The terminal concentration of carbohydrate in the hearts (samples 15 
sec after the last breath in nitrogen) of fasting and fed rats were not 
significantly different (Table 2), although terminal concentrations of lactic 
acid in the hearts and blood were lower in the fasting than in the fed rats. 
These results suggest that the high terminal concentration of lactic acid in 


hydrate which remained in the heart when breathing stopped. 


Recovery of carbohydrate stores in heart and liver and of survival times 
in nitrogen after a non- -fatal period of anoxia 


Rats from six litters (16-20 hr old) were placed in nitrogen at 36° ay 
for about 25 min, and were then placed in air at 33°C. All the rats were 
breathing normally within a few minutes and appeared to recover com- 
pletely. After 1 hr in air, five-six rats were decapitated, and the con- 
centrations of blood lactic acid and of carbohydrate in the hearts and livers 
were measured; five—six of their litter-mates were again placed in nitrogen 
and the time to last breath measured. Similar observations were made after 
2, 3 and 4 hr recovery in air. The results are shown in Fig. 6. After deple- 
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to its initial level in 3 hr. The time to last breath of animals exposed for a 
second time to nitrogen increased in the same proportion as the increase in 
concentration of the heart carbohydrate. The concentration of carbo- 
hydrate in the liver remained low during the 4 hr after anoxia, although 
the blood lactic acid fell from a mean of 148 mg/100 ml. to normal levels 
within 2 hr (Table 3). - 


100 ¢ 


Percentage of initial level 


— 


“ek 3 6 12 


Hours fasting 


Fig. 5. Percentage changes in the concentrations of carbohydrate in the livers and 
hearts of new-born rats fasting for 3, 6 and 12 hr and percentage change in survival 
time in nitrogen of their litter-mates. Each point is the mean of atvoen observations 
(®, liver; @, heart; O, survival time). 


TaBLe 2. Terminal concentrations of carbohydrate in the heart and of lactic acid in 
the heart and blood after exposure of new-born rats and their fasting litter-mates to nitrogen. 
(Each figure is the mean of 13 observations). 


Significance 
Unfasted Fasted of difference 
Heart total carbohydrate (mg/g) - 4:8+0-5 6-3+ 1-2 P> 01 
Heart lactic acid (mg/g) 4-2+0-1 2-74+0-3 P < 0-001 
Blood lactic acid (mg/100 ml.) 240+ 12 152+13 P < 0-001 


The effects of insulin on blood glucose, heart carbohydrate concentration 
and time to last breath in nitrogen 


Figure 7 shows that insulin (1 or 2u./g subcutaneously) caused a fal! in 
blood glucose in new-born rats which was maximal within 2 hr. At this 
time after injection there was a small but significant decrease in the mean 
concentration of carbohydrate of the hearts from 26-4+0-67 mg/g to 
23-3 + 1-1 mg/g (Table 4). 
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and 2 hr after injection, all the rats were placed in nitrogen. 


_ treated animals. Insulin-treated animals stopped breathing after 14-2 + 1-0 
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In order to test the effect of insulin on the time to last breath in nitrogen, 
rats from two litters less than 24 hr old were divided into two groups. 
Rats of one group were injected subcutaneously with 1 u./g of insulin; 
the others were injected with the same volume of 0-9°% NaCl. Between 1 


Total carbohyd rate (mg/g) 


Survival time in nitrogen at 36° C (min) 


0 1 1 L 0 
0 1 er - 3 4 
Hours after exposure to nitrogen 


Fig. 6. Concentrations of carbohydrate in the heart and liver of new-born rats and 
survival times in nitrogen of litter-mates during recovery from exposure to nitrogen 
(each point is the mean of five or six observations: @, heart; (), liver; O, survival 
time). 


TaBLE 3. Decrease in blood lactic acid in new-born rats after a non-fatal 
period of anoxia. (Each estimation from | rat) 


Hours after exposure to nitrogen 0 1 2 3 
Blood lactic acid (mg/100 ml.) 137 40 12 12 
146 17 16 3 


160 7 


Heart rates were recorded and the times to last breath and to last heart 
beat were observed. The time to last breath was decreased in insulin- 


min in nitrogen, whereas litter-mate controls continued to breathe for 
24-2 + 1-1 min in nitrogen (Table 4). The mean heart rate in the control 
rats at 36° C before exposure to nitrogen was 316 beats/min and in the 
insulin-treated rats was 292 beats/min, and changes in the heart rate | 
during exposure to nitrogen were similar in insulin-treated and control 
animals. The heart rate of both groups decreased rapidly during the first 
4min and then more slowly (Fig 8) and the times for which the heart con- 
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tinued to beat were not significantly different in the two groups of rais. 
From this it appears that the heart rate during exposure to nitrogen is not 
affected by low blood glucose levels. However, rats treated with insulin 
stopped breathing while the heart rate was 95 beats/min, whereas control 
rats stopped breathing when the heart rate was 62 beats/min. 


70 
8 


60 


Blood glucose (mg/100 mi.) 


j 
é 0 30 60 
Minutes after injection 


Fig. 7, Concentrations of blood glucose in new-born rats after subcutaneous in- 
jection of 1 u./g (O) or 2 u./g (() of insulin. 


TABLE 4. The effect of insulin on carbohydrate levels in new-born 
rats and on their survival in nitrogen 
Time to 
Initial last heart Time to 
Initial heart blood beat in last breath 
carbohydrate glucose nitrogen in nitrogen 
(mg/g) (mg/100 ml.) (min) (min) 
Untreated rats 26-4+0-67(7)  60+3-0(10) 33 + 2-6 (7) 24-2 + 1-1 (7) 


Insulin-treated rats(lu./g) 23-3+1-1 (8) 12+1-4(11) 31+ 1-8 (6) 14-2 + 1-0 (6) 
Signi icance of difference 0-:05>P>0-02 P < 0-001 07<P<08 P< 9-001 
between control and 
treated rats 


(Figures in brackets indicate the number of observations). 


The effects of glucose on the survival times of young rats 


In the following experiments litter-mates were paired for size. ‘len 
minutes before exposing them to nitrogen one rat of each pair was injected 
intraperitoneally with 0-01 ml./g of 20% glucose and the other wth | 
NaCl. 
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Rats less than 24 hr old. In one litter (A) in which the blood glucose of 
the control rats at the time of last breath in nitrogen was greater than 
97 mg/100 ml., the survival time was not increased by injection of glucose, 
although the blood glucose concentration was significantly increased 
(Table 5). In another litter (B) in which the control rats died in nitrogen 


Heart rate (beats/min) 


0 10 20 30 
Minutes in nitrogen at 36° C 


Fig. 8. The heart rates of untreated and insulin treated new-born rats duriig 
exposure to nitrogen (each point is the mean of six to seven observations; @, insulin- 
treated rats, 1 u./g s.c.; O, control rats 0-9 % NaCl.) 


with a low blood glucose (< 25 mg/100 ml.) injection of glucose before 

exposure to nitrogen increased the survival time (Table 5). | 
However, in each litter there was no significant difference between the 

final concentrations of carbohydrate in the hearts of piacien-tremtor ane 


_ of control rats (Table 5). 


These results suggested. that intraperitoneal glucose prolongs’ the 
survival time of new-born rats if the blood glucose cannot be maintained. — 
Ot er conditions in which injection of glucose may be expected to prolong 
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the anoxic'survival time were then investigated. Rats from three litters 
were exposed to nitrogen for 22 min and then allowed to recover in air. 
After 1 hr litter-mates were treated with intraperitoneal glucose or saline 
-and 10 min later were re-exposed to nitrogen. Survival times and terminal 
blood glucose were measured, and under these conditions a significant 
prolongation of the time to last breath was found (Table 6). However, part 
of this increase in survival time is attributable to the increase in total 


TABLE 5. Effect of glucose injection on the survival of new-born rats in nitrogen. 
(Each figure is the mean of 4 observations) 


Survival Terminal Terminal 
time in . heart blood 
nitrogen carbohydrate glucose 
(min) (mg/g) (mg/100 ml.) 
Control 24-4 | 8-5 
Litter A Glucose-treated 24:8 9-1 223 
Significance of 0-6 < P< 0-7 08< P< 09 0-05 < P< 0-1 
difference 
Control 22-8 1-5 14 
Litter B Glucose-treated 31-8 2-0 95 
Significance of P < 0-001 0-5 < P < 06 P = 0-02 


difference 


TABLE 6. Effect of glucose injection on the survival time in nitrogen and terminal blood 
glucose of new-born rats in which carbohydrate reserves were partially depleted by a 
previous period of anoxia. (Each figure is the mean of 11 observations) 


Mean survival Terminal blood 
time in glucose 
nitrogen (min) (mg/100 ml.)- 
Controls 17-1+0-9 10+1-0 
Glucose-treated (2 mg/g I.P.) 28-4+0-9 95+ 14 


heart carbohydrate which occurs during the 10 min after glucose in- 
jection. For example, control rats 1 hr after the first exposure to nitrogen 
had a heart carbohydrate of 15-8+ 1-54 mg/g, and their litter-mates 
10 min after the injection of parte had a heart carbohydrate of 18-4 + 0-39 
mg/g. 

Rats of 4, 8 and 18 days of age. Glucose (2 mg/g in solution) was 
given intraperitoneally to one of a pair of litter-mates and saline intra- 
peritoneally to the other. Ten minutes later both rats were exposed to 
nitrogen. The results are shown in Table 7. In rats of all ages the terminal 
blood glucose concentration was significantly increased by injection of 
glucose before exposure to nitrogen. In rats of 8 and 18 days of age, the. 
survival time in nitrogen of glucose-injected rats was significantly in-. 
creased (P < 0-01), but there was no significant increase of survival time 
in rats 4 days old. Terminal concentrations of heart carbohydrate were not 
significantly different i in control and glucose-treated rats. 
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' Taste 7. Effect of glucose injection on the survival of young rats in nitrogen: paired 
3 | litter-mates were used 


Control Glucose-treated 
: Terminal Terminal Terminal Terminal 
Age Survival heart blood —_— Survival heart blood 

time carbohydrate glucose time carbohydrate glucose 
days (min) (mg/g) (mg/l00ml.) (min) (mg/g)  (mg/100 ml.) 

4 18-6 (7) 3:6 (7) 78* (7) 21-8 (7) 4-3 (6) 185* (7) 

8 8-3 (8)* 0-8 (4) 134* (4) 11-1* (8) 0-9 (4) 316* (4) 

18 1-6 (6)* 0-8 (6) 71* (6) 2-4* (6) 0-9 (5) ‘151* (6) 


* Differences between control and glucose-treated groups are significant (P < 0-01). 
Figures in brackets indicate the number of observations. 


DISCUSSION 


~ During the exposure of new-born rats to nitrogen, the concentrations of 
carbohydrate in the heart and liver were reduced much more than those 


_ in the lung, muscle or skin. Hicks (1953) showed by histological methods 


that the heart and liver glycogen stores were depleted under these condi- 


tions, but the glycogen contents of the skeletal muscle and skin were not 


appreciably reduced. He showed that brain glycogen was low and was 
unable to measure histologically any change during anoxia. Shapiro & 
Wertheimer (1943) found that there was no phosphorylase in the skeletal 
muscles of the new-born rat..They also found that extracts of brains of 
new-born rats, because of the absence of phosphoglucomitase, did not 
break down glycogen. It seems therefore unlikely that endogenous gly- 
cogen can be metabolized in either the skeletal muscle or brain of new-born 
rats, and that blood glucose must provide most of the energy for both 
muscle and brain metabolism. When the rat is placed in nitrogen the 
availability of blood glucose to the brain and muscle must become an 
important factor in determining the activity of these tissues. When a new- 
born rat is placed in nitrogen there is a rise in blood glucose, but in a rat 


_ about 24 hr old there is no rise in blood glucose during anoxia, probably 


because by this age the initial liver carbohydrate has fallen too low to 
maintain the blood glucose level. However, as there is only a small de- 
crease in survival time during the first 24 hr of life, it appears that blood 
glucose is not an important limiting factor in determining the anoxic 
survival. Also, injections of glucose before exposure to nitrogen produced 
only slight, if any, prolongation of the survival time. These results immedi- 
ately cast doubt on the importance of liver glycogen reserves in the anoxic 
new-born rat, as liver glycogen can be made available to other tissues only 
after mobilization to blood glucose. We find no relation between the liver 
carbohydrate concentration and the time for which young rats continue 
to breathe in nitrogen. The most striking fall in liver carbohydrate which 
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was found occurred in the first 18 hr after birth and was not accompanied _ 
by a proportionate decrease in the survival time in nitrogen. Britton & 
Kline (1945) appear to have over-emphasized the part played by liver 
glycogen in determining anaerobic survival; they state: ‘the relatively 
large size of the liver and its high concentration of glycogen (6-8 %) in 
young rats (Corey, 1935) would, for example, appear to be involved in the 
striking degree of tolerance (to anoxia) observed. ..when liver glycogen 
levels have declined to approximately adult values, at 3-4 weeks of age 
(Britton & Silvette, 1932), anoxic resistance significantly reaches adult or 
even subadult levels’, We have found in normal new-born rats that 
neither liver glycogen nor blood glucose determines the survival in nitrogen. 
However, under some experimental conditions blood glucose may become 
a limiting factor. For example, when insulin-treated rats in which the 
initial blood glucose is less than 18 mg/100 ml. are exposed to nitrogen, 
gasping movements persisted only 14 min as opposed to 24 min in their 
litter-mate controls. Glucose has been found to restore to normal the 
survival time in nitrogen of insulin-treated rats (Himwich, Fazekas & 
Homburger, 1943). Glucose injection also prolongs the survival time in 
nitrogen of rats which have been allowed to recover partially from a 
previous period of anoxia. 

The importance of carbohydrate in the heart. Under all the experimental 
conditions tested, with the single exception of the insulin-treated rats, the 
time to last gasp in nitrogen was proportional to the initial level of carbo- 
hydrate in the heart. First, during fasting, the survival time decreased in 
the same proportion as heart carbohydrate; liver carbohydrate decreased 
more rapidly. Secondly, during recovery from non-fatal exposure to 
nitrogen, heart carbohydrate and survival time increased together while 
liver carbohydrate remained low. Thirdly, with increasing age, survival 
time followed closely changes in the heart carbohydrate, but not changes 
in liver carbohydrate. This supports the suggestion of Dawes et al. (1959) 
that the heart carbohydrate concentration and the survival in anoxia may 
be causally connected. In this case, cessation of respiration would be due 
to failure of the circulation to the brain and respiratory muscles and their 
nerves. Even in insulin treated animals, there was a correlation between 
the initial level of carbohydrate in the heart and the time for which the 
heart continued to beat in nitrogen. Only after insulin did the respiration 
of an anoxic new-born rat appear to fail from lack of blood glucose while 


_ there was still a relatively high heart rate. 


It should, however, be emphasized that these investigations, while they 
support the view that the initial heart carbohydrate concentration is one 
factor in determining survival during anoxia, do not exclude the partic:- 
pation of other variables. The importance of environmental temperature 
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has already been referred to (Fig. 1) and has been investigated by other 


the tissues with increasing age, irrespective of the integrity of the circula- 


animals to withstand anoxia. 


_ hydrate was almost depleted, the liver carbohydrate was depleted or 


between 0 and 16 days of age; liver carbohydrate fell from a mean of 


_ tissue carbohydrate was reduced by exposure to nitrogen, heart carbo- 
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workers. The fall in blood pH which occurs during anoxia is another 
determining factor under certain experimental conditions (Dawés, Mott 
& Stafford, unpublished). There is a further variable related to changes in 


tion. Thus it is well known, and we have confirmed the observation, that 
the decapitated head of a new-born rat will continue to make respiratory 
efforts for many minutes, far longer than that of an adult yet less than that 
of an intact anoxic new-born rat. In addition, Whittam (1960) has shown 
that kidney slices from immature animals retain potassium during anoxia 
for longer than those from mature animals of the same species. In the 
future we shall have to study not only the decreasing ability of individual 
tissues to withstand anoxia with increasing age, and the reason for the fall 
in the carbohydrate reserves of the heart, but also the way in which these, 
and other factors, contribute to the astonishing easuaaiuli of immature 


SUMMARY 


1, The times to last breath of new-born rats in nitrogen increased with 
decreasing environmental temperature. Heart carbohydrate was depleted 
more rapidly at higher temperatures. 

2. During exposure of new-born rats to nitrogen, the heart carbo- 


reduced, and skin, muscle and lung carbohydrate concentrations were only 
slightly decreased. Increase in blood glucose was related to the concentra- 
tion. of carbohygrate in the liver. Loss in liver and heart carbohydrate 
during exposure of new-born rats to nitrogen accounted for 72% of the 
lactic acid production, but during the first day of life while the liver 
carbohydrate was rapidly falling, the time to last breath in nitrogen 
decreased only slightly. 

3. Heart carbohydrate and survival in nitrogen steadily 


58 mg/g to a minimum (< 10 mg/g) during the first 24 hr of life and 
increased gradually to adult levels (33 mg/g) at about 16 days of age. 

4. During depletion of liver and heart carbohydrate by fasting, survival 
time decreased in the same proportion as heart carbohydrate. When the 


hydrate and survival time in rats re-exposed to nitrogen ionic in the 
same proportion. 

5. Insulin (1-2 u./g) reduced the blood glucose of new-born rats to less 
than 20 mg/100 ml. and reduced the mean time to last breath in nitrogen 
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to 14-2 min; initial heart carbohydrate and the time for which heart 
beats persisted in nitrogen were only slightly reduced by insulin. 

6. The survival times of new-born rats in nitrogen were prolonged by 
intraperitoneal injection of glucose only under the following conditions: 
(a) In litters in which untreated rats died with a very low blood glucose or 
(b) in rats whose carbohydrate levels were depleted by previous exposure 
to nitrogen. The survival times of 8- and 18-day-old rats were slightly but 
significantly increased by glucose injection 10 min before exposure to 
nitrogen. 


We are grateful to Dr G. S. Dawes for advice and encouragement throughout this work. 
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ACTIONS OF PURE BRADYKININ 


By D. F. ELLIOTT, E. W. HORTON anp G. P. LEWIS 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 9 May 1960) 


Bradykinin, first described by Rocha e Silva, Beraldo & Rosenfeld (1949), 
is one of a group of polypeptides called plasma kinins. Plasma kinins are 
known to stimulate certain types of smooth muscle, to cause vasodilatation, 


‘to increase capillary permeability and to produce pain when brought into 


contact with pain fibres. It has not been clear hitherto whether brady- 
kinin is responsible for all these actions or whether several peptides are 
involved, as in all experiments crude extracts have been employed. 
However, recently bradykinin has been isolated (Elliott, Lewis & Horton, 
1960a) and its structure determined (Elliott, Lewis & Horton, 1960b,c). 
It is therefore now possible to examine the actions of the pure peptide. 

The present investigation was carried out to answer the question, does 
the crude preparation of bradykinin contain one peptide having all the 
actions reported for the crude mixture, or does it contain a group of related 
peptides each of which is responsible for one or more of the biological 
actions? The results show that pure bradykinin possesses all the actions 
of the crude mixture, that is, smooth-muscle stimulation, vasodilatation, 
increased capillary permeability and pain production. 

é 
METHODS 


Where comparisons have been made on a molar basis the molecular weight of bradykinin 
has been taken as 1131, which is the molecular weight of bradykinin dihydrochloride. 


Actions on isolated smooth-muscle preparations 

Guinea-pig ileum. A 34cm segment of terminal ileum from animals weighing 250-400 g 
was suspended in a 15 ml. bath containing oxygenated Tyrode solution at 34° C. Tests were 
made every 4 min, and the contact time was 45 sec. 

Rat uterus. Virgin rats weighing 120-200 g were injected subcutaneously with stilboestrol 
(10 »g/100 g) 16-18 hr before use. A 2cm segment of uterine horn was suspended in a 
10 ml. bath containing de Jalon’s uterus solution at 30° C. Teste were made every 4 min 
and the time of contact was 45 sec. 

Rat duodenum. The proximal 3cm of duodenum from rats weighing 120-200 g was 
suspended in a 10 ml. bath containing de Jalon’s solution at 30° C. Tests were made every 
3 min, and the contact time was 30 sec. 


Rabbit duodenum. The proximal 4-5cm of duodenum from rabbits was suspended in a 


15 ml. bath containing Locke’s solution at 37° C. Tests were made every 3 min, and the 
contact time was | min. 
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Blood pressure experiments 


Cats were anaesthetized with pentobarbitone sodium 40 mg/kg. The trachea was cannulated 
and blood pressure was recorded from the femoral artery. Intravenous injections were made 
into a cannula tied into the femoral vein. 

Rats (300-400 g) were anaesthetized with urethane 175 mg/100 g, and were prepared by 
the method of Crawford & Outschoorn (1951). Blood pressure was recorded from the carotid 
artery with a Condon capillary manometer. 

Vasodilatation was examined in the skin of the hind limb supplied by the saphenous 
artery. Cats were anaesthetized with chloralose 60 mg/kg. The preparation was the same as 
that described previously (Lewis, 1958). 

Capillary permeability was examined by the method of Miles & Miles (1952). Guinea-pigs 
and rabbits were injected intravenously with Pontamine sky blue 60 mg/kg. A few minutes 
after injection of the dye pure or crude bradykinin or histamine in 0-1 ml. saline was injected 
intradermally into the abdominal skin. One hour later the area of blueing was measured. 

Pain production was examined by the method of Armstrong, Dry, Keele & Markham 
(1953). Blisters were raised on the flexor surface of the forearms of human subjects by the 
application of cantharidin plasters, 2 x 2 cm. The plasters were applied in the evening before 
the experiment and allowed to act for 6 hr. The area was covered with a sterile dressing and 
a blister allowed to form during the night. The skin of the blister was cut away and the 
blister base was washed with a warm Ringer’s solution containing (g/l.) NaCl 9-2, KCl 0-4, 
CaCl, 0-24 and NaHCO, 0-15. Drugs to be tested were dissolved in physiological saline and 
kept at 37° C during the experiment. 

The test was carried out as follows. The solution to be tested was applied to the blister 
area with a Pasteur pipette until the area was filled. Each dose was allowed to act until 
the pain reached a plateau, or began to subside, up to a maximum of 2 min. The area was 
then thoroughly washed with the Ringer’s solution. Doses were given at intervals of 

10 or 20 or 30 min or | hr, and before each application the area was washed periodically 
with Ringer’s solution. The subject was not told the nature of the applied solution ; he assessed 
the pain intensity of each solution subjectively, grading it from 0 to +++. 


Guinea-pig bronchoconstriction 
The method described by Konzett & Réssler (1940) was used. Injections were made 
intravenously through a cannula in the superior vena cava. 


RESULTS 


A comparison was made of the actions of pure bradykinin (P,) and of 
the crude mixture (P,) produced at the first stage of purification in the 
procedure of Elliott et al. (1960a). It was found that the increase in activity 
from P, to P, was of the same order when estimated on various isolated 
smooth-muscle preparations as well as when estimated for broncho- 
constriction in guinea-pigs, for vasodilatation on the skin vessels of the 
cat hind limb, for depressor activity in cats and rats, for increase in capillary 
permeability in guinea-pigs and repbits and for pain production in man. 

Table 1 shows the relative potencies P,:P, on these biological prepara- 
tions. The variations shown in the Table are probably within experimental 
variations of the tests and suggest that all the actions of crude mixture are 
inherent properties of the pure peptide. 
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Actions on smooth muscle 


Several isolated smooth-muscle preparations respond to low concentra- 
tions of pure bradykinin. The guinea-pig ileum responds with a slow 
contraction to bradykinin 10-® and the rat uterus to 10-!. It has been 
shown previously that crude bradykinin has an inhibitory effect on certain 
types of smooth muscle, particularly those showing rhythmical activity 
and a high resting tone. The pure peptide also has this inhibitory action. 
On the isolated rat duodenum bradykinin 8 x 10-° caused only relaxa- 
tion (Fig. 1), whereas with the rabbit duodenum and the rat colon the 
response was biphasic, an initial inhibitory action followed by a contraction. 


TABLE 1. Ratios of the relative potency of pure (P,) and crude (P,) bradykinins 
in different tests 


Vasodilatation Cat skin 365 
Depressor action Cat B P. 480 
Rat B P. 265 

Increased capillary permeability Guinea-pig skin 390 
Rabbit skin 270 

Smooth-muscle contraction Guinea-pig ileum 450 
: Rat uterus 405 

Smooth-muscle relaxation Rat duodenum + 225 
Bronchoconstriction Guinea-pig 400 
Pain production Human blister base 180 


Collier, Holgate, Schachter & Shorley (1959) have shown that crude _ 
kinins cause bronchoconstriction in anaesthetized guinea-pigs. In the 
present experiments pure bradykinin 0-5 pg injected intravenously into 
guinea-pigs caused a bronchoconstriction equal to that caused by the same 
d6se of histamine. On a molar basis, therefore, bradykinin is about 10 times 
more active than histamine when tested in this way. When injections of 
bradykinin were made at 5 or 10 min intervals the preparation quickly lost 
its sensitivity to bradykinin. An interval of about 15-20 min between 
injections of bradykinin was required in order to avoid loss of sensitivity 
in this preparation. : 

Vasodilatation 

The vasodilator action of crude plasma kinin has been studied in in- 
vestigations on skin (Lewis, 1958), skeletal muscle and salivary glands 
(Hilton & Lewis, 1955). In the present experiments a dose as low as 100 ng 
of pure bradykinin caused vasodilatation in the skin of the cat hind limb 
compared with 10-20 ng acetylcholine. Figure 2 illustrates the vasodilata- 
tion produced by the pure peptide (P,) compared with that produced by 
much larger doses of crude (P,) bradykinin. Therefore, when calculated on a 
molar basis, bradykinin is approximately as active as acetylcholine on this 
preparation. When compared with histamine on a molar basis bradykinin 
is about 10 times more active as a vasodilator. 


47 
ff 
le 
y | 
id 
18 
3 
oS 
8 
xd 
re 
id 
1e 
d 
ar i 
il 
is ‘ 
of 
y 
d 
e 
» 


476. D. F. ELLIOTT, W. HORTON AND G. P. LEWIS 


P2 P2 
2:5 25 
Pe 
0-008 0-012 


Fig. 1. Isolated rat duodenum suspended in a 10 ml. bath containing oxygenated 
de Jalon’s solution at 30°C. Responses to crude (P,) and pure (P,) bradykinin; 
doses in pg. | 


Blood flow (drops/min) 


B.P. (mm Hg) 


P, 
30 40 50 
Fig. 2. Venous outflow from skin of hind limb (upper tracing) and arterial blood 


pressure (lower tracing). Cat, 2-5 kg,.sodium pentobarbitone anaesthesia (40 mg/ 
kg.). Intra-arterial injections of P, and P,; doses in pg. Time marker, 30 sec. 
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Depressor action 

Crude plasma kinin has been shown to lower the arterial blood pressure 
on intravenous injection (Rocha e Silva et al. 1949). Pure bradykinin 
injected intravenously into both anaesthetized cats and rats also caused 
a fall of arterial blood pressure. The threshold dose in the cat was 400 ng/kg. 
Qn a molar basis bradykinin was 10 times less active than acetylcholine 
and as active as histamine. The threshold dose in the rat was 150 ng/g. 


Increased capillary permeability 
The action of increasing capillary permeability was demonstrated for 
crude kinins by Holdstock, Mathias & Schachter (1957) and Herxheimer 
& Schachter (1959). In the present experiments intradermal injection of 
_ the pure peptide into guinea-pigs and rabbits, previously treated with 
Pontamine sky blue, caused an intense local blueing, indicative of increased 
capillary permeability (Fig. 3). In both species pure bradykinin increased 
capillary permeability in concentrations of 10-* to 10-* and therefore on 
a molar basis bradykinin was approximately 15 times more active in 
_ increasing permeability than histamine. Accurate comparison was difficult _ 
owing to a qualitative difference between the responses to bradykinin and 
those to histamine. This difference was particularly pronounced in the 
rabbit, where histamine produced a ring of blueing surrounding a central 
area which had been only slightly blued.. Bradykinin on the other hand 
- gave rise to an area of intense blueing. Furthermore, with higher concen- 
trations of histamine (10-*) the area of the response was much greater than 
that produced by the highest concentrations (10-°) of bradykinin tested. 


Stimulation of pain fibres 

Armstrong, Jepson, Keele & Stewart (1957) showed that crude plasma 
kinin caused pain when applied to the exposed base of a cantharidin 
blister. In addition they claimed that large doses caused not only pain but 
also itching, as well as a flare, and a wheal (Armstrong, Keele, Jepson & 
Stewart, 1954). In the present experiments with pure bradykinin pain was 
produced when concentrations of 10-7? to 10~* were applied to a blister 
base, but there was no itching, no flare and no wheal. On a molar basis 
pure bradykinin was somewhat less active than 5-hydroxytryptamine, 
which was the most potent pain-producing substance in the experiments — 
of Armstrong et al. (1953; 1957). Histamine was usually active at a 
concentration of 10-* but the sensation produced by histamine was 
different from that produced by bradykinin or 5-hydroxytryptamine. 
Histamine caused itching or pricking, whereas bradykinin and 5-hydroxy- 
tryptamine caused a burning sensation. Even when histamine 10~* was 
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applied to the blister base no painful burning sensation resulted. With 
concentrations of bradykinin 10-’ to 10~-* the pain was transient; it some- 
- times disappeared in less than 1 min. With concentrations of 10~* to 10° 
pain lasted for 2-3 min. 

Repeated administration of bradykinin resulted in a gradual decrease 
in the sensitivity of the preparation, as is shown by the following experi- 
ment. Two exposed blister bases in the same subject were each tested at 


(a) 


() 


(<) 


Fig. 3. Effect of intradermal injections of bradykinin on capillary permeability in 
a guinea-pig injected intravenously with Pontamine sky blue (60 mg/kg). The 
dark areas represent the areas of blueing 1 hr after theinjections. Crude bradykinin 
(P,) was injected in doses of (a) 1 mg. (b) 100 yg and (c) 10 ug. Pure bradykinin (P,) 
was injected in concentrations of (a) 5 yg/ml., (b) 0-5 g/ml. and (c) 0-05 pg/ml. 


20 min intervals, one with bradykinin 0-1, 1-0, 1-0, 1-0 and 10-0 pg/ml. 
and the other with histamine'1-0 »g/ml. The application of bradykinin 
0-1 »g/ml. produced a painful burning sensation but the effect of 10 times 
this concentration 20 min later was no greater and no longer-lasting. 
Subsequent applications of 1 ug, 1 pg and 10 pg/ml. produced no sense- 
tions. On the other hand, the five histamine applications to the other 
blister produced effects without any loss of sensitivity. After a further 
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20 min the blister base treated with bradykinin failed to respond even to 
500 ug/ml. bradykinin, whereas the blister base which had only received 
histamine responded to 0:1 ug/ml. bradykinin with the usual burning 
sensation. Finally, both blisters, the one sensitive and the other insensitive 
to bradykinin, responded with a strong sensation of pain on application of 
5-hydroxytryptamine creatinine sulphate 0-1 pg/ml. 


DISCUSSION 


All the pharmacological actions attributed to the crude plasma kinins — 
were found to be inherent properties of the pure peptide, bradykinin. As 
a vasodilator substance bradykinin was found to be as active as acety]- 
choline, the most potent naturally occurring vasodilator substance. In 
increasing capillary permeability bradykinin was found to be more active 
than the most.agtive substance, histamine. In producing superficial pain 
bradykinin was almost as active as 5-hydroxytryptamine. 

Isolated smooth muscle preparations are the most sensitive tissues to 
bradykinin and are therefore the most commonly used in its detection. The 


therefore about as active as the polypeptide oxytocin on this preparation. 
The rat duodenum is relaxed by bradykinin; the concentration necessary 
is less than the concentration of adrenaline which is required to relax it. 

The action of bradykinin on the blood vessels is to dilate them and to 
increase their permeability—this is perhaps its most important action. This 
pronounced vasodilator action is consistent with the view that bradykinin | 
plays an important role in functional vasodilatation (Hilton & Lewis, 1957). 
The finding that bradykinin was less active than acetylcholine in lowering 
the blood pressure, in spite of the fact that acetylcholine is destroyed in 
the blood much more rapidly, suggests that it acts on a part of the vascular 
tree different from that on which acetylcholine acts, and which is involved 
mainly in local vascular effects. : 

The differences we observed between bradykinin and histamine in their 
effects on capillary permeability were similar to those described by Menkin 
(1936) between histamine and a mixture of peptides called ‘leukotaxine’, 
and between histamine and crude plasma kinin described by Bhoola & 
Schachter (1959). 

Thus bradykinin in low_concentration produces two of the essential 
reactions of the inflammatory response—vasodilatation and increased 
capillary permeability. In addition it produces the typical burning 
sensation which is experienced in conditions of local tissue injury. Thus 
bradykinin may play the role of chemical mediator of the inflammatory 
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SUMMARY 


1. The properties of pure bradykinin have been examined and compared 
quantitatively with those of a crude preparation of bradykinin. 

2. The pure peptide was found to have the following actions: vasodilata- 
tion in the skin of the cat’s hind limb; depressor action in cats and rats; 
increased capillary permeability in guinea-pigs and rabbits; contraction 
of isolated guinea-pig ileum and rat uterus; relaxation of rat duodenum; 
bronchoconstriction in guinea-pigs; and pain production when applied 
to the exposed base of a cantharidin blister in man. 

3. It therefore seems likely that all the actions so far attributed to 
the crude plasma kinins can be accounted for by this single peptide, 
bradykinin. 
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VALVULAR INCOMPETENCE IN THE VENOUS DRAINAGE 
OF THE UDDER 


By J. L. LINZELL 


From the Agricultural Research Council Institute of Animal 
Physiology, Babraham, Cambridge 


| (Received 13 May 1960) 


This work is the basis of the following paper (Linzell, 1960) on long-term 
7 measurement of udder blood flow in conscious goats via the readily accessible 
L caudal superficial epigastric or ‘milk’ vein (in front of the udder), which is 
the time-honoured source of mammary venous blood. The whole venous 
drainage of the udder has been re-examined because Linzell & Mount (1955) 
found valves in this vein pointing towards the udder and not away from it. 
Although valves (but not their direction) are mentioned by Pali¢ (1954) 
in the sheep and have been described in the cow (Becker & Arnold, 1942), 
the actual direction of blood flow has only been determined for the minor 
perineal vein joining the udder and vulva (Gracev, 1949; Gracev & Ivanov, 
1955), where valves have been known for some time (Becker, 1937; Swett 
& Matthews, 1949). This has now been determined for all the major veins | 
{7 in conscious and anaesthetized goats of both sexes and various ages, and 
in some sheep and cattle in addition. 
The results show that the ‘milk’ vein carries blood towards the udder in 
virgin females and males. In lactating females some or all of the valves are 
incompetent, and when the animal is standing the direction of flow is 
reversed. Under these conditions the ‘milk’ vein may carry blood from the 
udder, the perineum and the abdominal wall or mixtures from all three 
sources. Conditions are described by which mainly mammary blood may be 
obtained and estimates made of blood flow over long periods in conscious 
goats. | 
Of wider interest is the occurrence of valvular incompetence under 
physiological conditions. In multiparous females the vessels concerned 
_have all the characteristics of varicose veins. 


| METHODS 


Detailed dissections have been made to determine the presence of valves in the vessels of 
the abdominal wall in 18 sheep (Clun forest, Dorset horn and Welsh mountain), 32 goats 
rj (Saanen, British Alpine and English), 20 cattle (Jersey, Ayrshire and Shorthorn, Angus Xx 

| Beef Shorthorn), 1 mare (Clydesdale) and 6 pigs. The tissues were unfixed; the majority 
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were examined whilst they were still warm and the blood fluid. The position of the valves 
could be determined by examination of the unopened veins, which were also carefully 
examined by the classical method of Harvey for the direction of flow and competence of the 
valves. In many cases fluids were injected through fine needles and many valves were tested 
to determine the pressures which they would withstand before allowing back flow. The 
veins were then completely opened longitudinally with fine Mayo scissors in the direction the 
valves were pointing and the valve flaps examined. Six sheep, 11 goats, 2 cattle and 2 pigs 
were examined under anaesthetic before dissection. The animals were supported so that they 
could be examined either supine, on their sides, or in a standing position. The direction of 
blood flow was determined by the injection through fine needles of saline, Evans Blue dye, 
milk, air or radio-opaque fluids. 

The direction of venous blood flow was also determined in some conscious aidan by the 
use of radio-opaque fluids or isotopes (**Na or *P). Goats were examined in a stand in the 
laboratory with which they were familiar, and cattle in their normal surroundings on the 
farm. In some goats repeated venepuncture was facilitated by the previous exteriorization 
of the caudal superficial epigastric vein as a skin-covered loop, in others and in cattle by 
_ threading polythene tubing (outside diameter 0-5 mm) into the vein. 


RESULTS 


The arteries and veins to the cow’s udder were first described by Fiirsten- 
berg (1868) and since then they have been studied by several anatomists in 
all ruminants (see review by Turner, 1952). As a result it is well known that 
there are three main veins associated with the gland on each side: (a) the 
external pudic running from the base of the udder through the inguinal 
canal, (6) the caudal superficial epigastric vein (subcutaneous abdominal 
or ‘milk’ vein) running from the front of the gland forward superficially 
along the abdomen and (c) the perineal, which is smaller than the other 
two and runs from the back of the udder to the vulva (Text-figs. 1; 2a, b). 

In this work valves were found in all the main veins in the mammary 
region of the sheep, goat, cow, mare and pig. They were also present in the 
same veins in males. 

Sheep and goat. The dissection ‘of the entire abdomen of new-born and 
foetal animals of both sexes showed quite clearly that the skin of the 
ventral abdomen from the umbilicus to the perineal region is drained by 
the external pudic vein, which empties into the external iliac vein after 
passing through the inguinal canal (Text-fig. 1). The external pudic is 
formed by the junction of the caudal superficial epigastric and the perineal 
veins in the inguinal region. The perineal vein drains the skin between the 
vulva and the inguinal region and the caudal superficial epigastric that 
from the inguinal region to the umbilicus. The direction of blood flow is 
shown by the valves (2-17 in the goat, 2-6 in the sheep), by the angle at 
which-the branches join the main vessels and by the fact that the vessels 
get smaller as they get further from their point of junction to form the 
external pudic vein. The perineal vein anastomoses with the veins around 
the anus and vulva, which are branches of the internal pudic veins within 
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the pelvis. In some animals there are 1 or 2 valves near the vulva directing 
flow towards that area. In the region of the umbilicus the caudal superficial 
epigastric vein anastomoses with the cranial superficial epigastric, which 
drains the skin in front of the umbilicus cranially. This vein enlarges as it 
runs forward, has valves (1—6 in the goat, 2-3 in the sheep) directing flow 
forward and its branches also run forward before they join it. In the region 
of the anastomosis the side branches join the main vessel at right angles. 
The valves in all these vessels in very young animals did not allow back 
flow even under a pressure of 250 mm Hg. 

Thus, on anatomical grounds it is clear that at birth the perineal and 
caudal superficial epigastric veins carry blood towards the inguinal region, 
the opposite direction to that in which they were thought for many years 
to drain in the cow. Although she does not mention valves, similar con- 
clusions about the superficial epigastric veins are drawn by Vladimirova 
(1954) from the size of the vessels at the anastomosis and from the angle of 
branching. The dissection of older but still virgin goats and sheep and of 
males showed that in these animals the valves were still present and 
competent. 

In the case of females that were pregnant or lactating or had lactated, 
the superficial epigastric and external pudic veins were greatly enlarged con- 
comitant with the development of the mammary glands in the inguinal 
region of the ruminant (PI. 1, figs. 7-10). The valves in the perineal veins 
were still competent.. However, in marked contrast many of the valves of 
the caudal superficial epigastric veins within and in front of the udder were 
completely incompetent or allowed back-flow at pressures of 10-40 mm Hg. 
In many older animals they had even atrophied and could easily be over- 
looked (Pl. 1, fig. 2). The valves of the external pudic veins always had 
better flaps than those in the caudal superficial epigastric (Pl. 1, fig. 1), but 
in a few old animals they allowed back-flow at low pressures. 

Determination of the actual direction of blood flow in males and virgin 
females confirmed that all the valves were competent. The perineal and 
caudal superficial epigastric veins carried blood, in the direction of the 
valves, towards the inguinal or mammary region, and then along the 
external pudic veins through the inguinal canal to the abdominal vena 
cava. This was so in both anaesthetized and conscious animals, whether 
they were standing, supine or lying on their sides (Text-fig: 2). The cranial 
superficial epigastric vein also carried blood forward as expected in the 
direction of the valves. Since the cranial and caudal superficial epigastric 
veins anastomose in the mid-abdominal region, there is a point of reversal 
where some blood can go forward and some backward. In the virgin 
female and male this point of reversal was behind the umbilicus about 
midway between the last forward- and first backward-pointing valves 
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Text-fig. 2. Positions of valves in male goat (a) and female goat (b): (1) valves 
always incompetent in breeding females; (2) valves usually incompetent in older 
females; (3) valves sometimes partially incompetent in old females. c-g, usual 
direction of venous blood flow: c, males of all ages; d, virgin females; e, primiparous 
females; f, multiparous females; g, females of all ages, when held on the back. 
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(Text-fig. 2c, d), although it was ease somewhat forward by placing the 
animal on its back. 

The examination of blood flow in ‘eatlien females, both conscious and 
anaesthetized, showed that in the standing position the point of reversal 
had moved further back well into the mammary region, indicating that 
some of the valves in the caudal superficial epigastric vein had in fact 
become incompetent (Text-fig. 2e, f). Thus in these animals this vein does 
carry mammary venous blood forward away from the udder, as earlier 
workers have believed. However, as might be expected, this was only true 
when the animal was standing. When it was on its back the flow reverted to 
the virgin condition, backward towards the udder in the direction of the 
valves (Text-fig. 2g). The perineal vein always carried blood towards the 
udder. 

In the sheep and goat the number of valves that were incompetent varied, 
» but to some extent depended upon the parity of the animal and the stage 
of lactation. In the course of the first lactation only the antericr valves in 
the caudal superficial epigastric vein were incompetent in 8 out of 11 animals, 
so that about half the mammary venous blood went backward to the 
external pudic and the rest forward along the ‘milk’ vein in the standing 
position (Text-fig. 2e). In 9 out of 14 older animals that had had at least 
2 pregnancies all the valves in the caudal superficial epigastric vein were 
incompetent right back to the junction with the perineal and external 
pudic veins. In this case, when standing, all the mammary venous blood 
drained forward along the ‘milk’ vein but, in addition, the perineal flow from 
the vulva went this way as well, and the external pudic carried little or no 
blood (Text-fig. 2 f). In 3 multiparous non-lactating animals the flow was 
also reversed in the initial part of the external pudic veins, so that some or 
all of the blood from the caudal epigastric veins (draining the caudal 
abdominal muscles) flowed downwards into the superficial epigastric 
veins to mix with mammary venous blood, although this was not the case 
in the same animals during lactation. In one of these the proportion of 
mammary blood fell from 70-80 % of the total to only 30-50% during the 
first three-fifths of pregnancy, but rose again to 70-85% as the absolute 
mammary flow increased near term. 3 

Cattle. Dissections showed that the anatomy in males and females is 
almost exactly the same as in the sheep and goat (Text-fig. 1) except that 
there are only 1-5 backward-pointing valves in the caudal superficial 
epigastric veins and 6-14 forward-pointing valves in the cranial vein. All 
the valves were found to be competent to pressures up to 250 mm Hg in 


male and female calves and in adult virgin heifers (24-3 yr old). Ina heifer — 


that died during its first parturition the caudal valves were still competent 
to normal venous pressures; in a cow that died just before its second 
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parturition 2 caudal valves were incompetent and 2 competent; and in a 
cow that had had 2 calves all three valves were incompetent. Examination 
of other animals, where the exact age and parity were not known, bore out 
these findings that the valves tended to become incompetent with the 


_ growth of the mammary tissue, as in sheep and goats. 


_ The direction of blood flow in the superficial epigastric veins was deter- 
ined periodically in 4 animals (2 dairy and 2 beef breeds) from early calf- 
hood onwards. Although the point of reversal up to 6-9 months of age 
was in front of the udder, by 12 months (well before puberty) it had moved 
back to about the level of the front teats where the first backward-pointing 
valve is found (Text-fig. 1). The valves were still competent in one of these 
beef heifers killed at 2 yr old (unmated), and in one of the dairy heifers 
(unmated) examined under anaesthesia at 2} yr old. It seems likely, ae 
fore, that the cow resembles the sheep and goat. 

Varicosity. In the dairy cow and dairy goat, which have bees selected 
for abnormally large milk yields, the mammary glands are also greatly 
enlarged, resulting in an enormous increase in blood flow through the 


- inguinal region. In these animals the veins are even more enlarged than 


those of the beef cow or sheep and in old animals are often exceedingly 
tortuous and thin-walled (Pl. 1, fig. 11). Compton (1953) has described 
three cases of fatal haemorrhage in 4 cows whose ‘milk’ veins developed 
large dilatations. 

Histology. Examination of the external pudic, superficial epigastric and 


perineal veins and, for comparison, the femoral vein revealed differences — 


that were affected by age. In the femoral vein, which is completely sur- 
rounded by-leg muscles in ruminants, the elastic tissue was more prominent 
in both the adventitia and intima than the smooth muscle in the medial | 
coat, a characteristic that became more pronounced in older animals (PI. 1, 
figs. 3, 4). However, in young female and male animals the elastic and 
muscular tissues were about equally prominent in the three superficial 
‘inguinal’ veins (Pl. 1, fig. 5). In primiparous animals this was still true, 
but in older breeding females (2 parturitions or more), the muscular coats 
of all three veins were much more prominent than the elastic tissue, parti- 
cularly in the external pudic and superficial epigastric vessels (Pl. 1, fig. 6). 

Horse and pig. The dissection of the inguinal region of a 9-yr-old Clydes- 
dale mare that had probably not been pregnant revealed 6 valves all com- 
potent | in each of 3 veins that joined to form the external pudic. 

In 6 piglets there were only 1—2 valves in the caudal superficial epigastric 
and 3-5 in the cranial veins. All were competent and when examined under 
anzesthesia the flow was as would be expected from the position of the 
vaives. 
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DISCUSSION 


It is unnecessary to stress the importance of these findings (summarized 
in Text-fig. 2) for work involving blood flow measurements or mammary 
venous blood sampling in the cow and goat. The classical accounts of the 
blood vessels of the udder, which described three veins constantly draining 
each half, overlooked not only the valves and disposition of the branches 
(clearest in the young animal) but also the fact that the same vessels are 
present in the male, and in other mammals without inguinal mammary glands. 
In many non-pregnant multiparous animals, when standing, the superficial 
epigastric vein probably carries all the venous blood from one half of the 
udder, while if the flow from each half is required separately, the vessels 
which cross the mid line between the two halves must be removed before- 
hand. In pregnant multiparous animals there is the possibility that the 
caudal superficial epigastric veins may also carry some blood from the 
abdominal muscles. The fact that the blood in the perineal vein, which 
drains the vulval region and not the udder, may mix with the mammary 


venous blood must also be considered, although the amount is very small in — 


relation to the mammary venous flow. Russian workers (Vladimirova, 
1954; Gracev & Ivanov, 1955) believe that the perineal vein carries hor- 
mones in the venous blood from the genital organs direct to the mammary 
glands. This is extremely unlikely. There is not a true portal system breaking 
up separately into the capillaries of the udder and the anatomical and 
physiological findings described here show clearly that the vulval venous 
blood merely mixes with the mammary venous blood and returns with it to 
the general circulation. 

When the animal lies down, the superficial epigastric veins are compressed 
_ on one side and then of course all mammary venous blood must flow through 
the external pudic veins. This conclusion has been confirmed by tying the 
external pudic veins in 2 multiparous goats in which the flow was all along 
the ‘milk’ vein in the standing position. In both cases numerous collaterals 
opened up around the tied vein and drainage through the inguinal canal 
was quickly re-established. Resection of the perineal veins is also followed 
by the growth of new vessels draining from the vulva to the external pudic 
vein. 

In order to sample or measure total mammary venous blood flow in the 
conscious undisturbed goat it is necessary to know the point of reversal of 
blood flow in the caudal superficial epigastric or external pudic veins in the 
animal concerned at that particular time. This can be determined by passing 
a fine catheter back along the vein from just in front of the udder and radio- 
graphic observation after the injection of a radio-opaque fluid. However, 
thrombosis is very easily produced by this procedure in the goat and there 
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is the possibility that the valves are altered by the catheter. Ligation of 

the perineal and external pudic veins, as used by Graham (1937 ), is un- 

satisfactory because a collateral drainage is quickly established, and the 

operation does not ensure that the total drainage is via the caudal super- 

ficial epigastric vein, as he assumed. For short-term experiments a poly- 

thene inflatable cuff may be fixed round the external pudic vein so that it 

can be temporarily occluded, but this ultimately causes thrombosis with 

collateral growth and is thus unreliable for long-term experiments. A 

simpler and more repeatable procedure is to compress the external pudic 
vein manually between the base of the udder and the inguinal canal. This 

vessel lies immediately in front of the artery, which can be easily palpated. 

This procedure, with compression of the perineal vein (just below the vulva), 

ensures that all, and only, the mammary blood leaves via the superficial 

epigastric vein in a multiparous goat where all the valves are almost 

certainly partially, if not completely, incompetent. If the flow in the 

superficial epigastric vein is measured at the same time, compression of 
these veins will provide information as to the percentage of mammary 

venous blood leaving via the two channels open to it, and the extent to 

which it is diluted with blood from the vulva or abdominal wall. 

The occurrence of valvular incompetence in many female goats, sheep 
and cows is of wider physiological interest. The increase in diameter, 
elongation, tortuosity, valvular incompetence, and hypertrophy of the 
muscular media may all be considered as responses to the increase of blood 
coming into the area on account of the growth of the mammary gland. 
King (1950) has emphasized the frequency in the human of varicose veins 
in the legs during pregnancy and believes that oestrogenic hormones may be 
implicated. However, in the goat the changes occur late in the first 
pregnancy, after the main lobulo-alveolar growth of the mammary gland 

‘has taken place, at the time of rapid mammary enlargement and com- 
mencing milk secretion. Moreover, in animals where the valves in the 
external pudic veins are incompetent, the amount of abdominal blood 
running in the superficial epigastric vessels is greatly increased in late 
pregnancy. This suggests that abdominal pressure and/or pressure of the 
uterus or foetus on the pelvic veins is an important factor as it may well 
be in the human. At any event it would seem that the ‘milk’ veins of the 
female ruminant are an exception to the statement of Foote (1954) that 
varicose veins are only known in man, since all the above changes are those — 
that are characteristic of that condition. 


SUMMARY 


1. The main veins of the ruminant udder have been re-examined anato- 
mically and valves have been found in all of them. The actual directions of 
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blood flow have been determined in animals of various ages, conscious and 
anaesthetized. 

2. In the male and virgin female the external pudic veins carry all the 
mammary venous blood, together with some blood from surrounding areas. 

3. In breeding females the external pudic and the superficial epigastric 
veins are greatly enlarged, the muscular coats hypertrophied, and the 
valves partially or completely incompetent. When the animal is standing 
the flow in the caudal superficial epigastric, and sometimes the external 
pudic veins, is in the opposite direction to that in the male and virgin 
female, and some or all of the mammary venous blood leaves via the former 
vessel, although it may also carry some blood from the a and 
abdominal wall. 

4. The sampling and measurement of mammary venous blood ow in 
the conscious goat is discussed in the light of these findings. 

5. This is an example of varicose veins occurring under physiological 
conditions. 


The histological sections were prepared by Mr W. 8. Hardy and the photographs taken by 
Mr A. W. Attwood and Mr A. L. Gallup. 
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EXPLANATION OF PLATE 


Figs. 1, 2. Valves from 2$-year-old female goat killed during the second lactation; during 
life the venous flows were as shown in Text-fig. 2f. (1) Competent valve from external pudic 
vein. (2) Four incompetent valves from caudal superficial epigastric vein within the udder. 
Figs. 3-6. Transverse sections of femoral (3, 4) and caudal superficial epigastric veins (5, 6) 
of adult male (3, 5) and female (4, 6) goats, fixed distended and stained Verhoeff Van 
Gieson (elastic tissue black). In the male the veins are not significantly different but in the 


_ female the muscular coat of the caudal superficial epigastric vein is hypertrophied and there 


is little elastic tissue. 


Figs. 7-10. The superficial epigastric veins in living Saanen goats: 7, virgin female at puberty, 
8 months old; 8, female at first parturition, 13 months os 9, female at fifth sania 
7 yeats old; 10, male 4} years old. 


Fig. 11. Unusually varicose superficial epigastric veins of adult multiparous British alpine 
goat. The condition was present before the veins were exteriorized for flow measurements. 
During lactation the flow in the vein loop was smoothly laminar but when the flow had 
decreased at the end of lactation eddies and stagnant pockets were found even in the loops. 
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MAMMARY-GLAND BLOOD FLOW AND OXYGEN, GLUCOSE 
*taAND VOLATILE FATTY ACID UPTAKE IN | 
THE CONSCIOUS GOAT 


By J. L. LINZELL 


From the Agricultural Research Council Institute of Animal 
Physiology, Babraham, Cambridge 


(Received 13 May 1960) 2 


It has been shown that in the isolated perfused mammary gland the 
blood flow is often lower than that measured through the gland in situ in 
anaesthetized animals (Linzell, 1950; Hebb & Linzell, 1951). In an in- 


vestigation of the secretory activity of the perfused udder of the goat — 


(Cargill-Thompson, Drury, Hardwick, Linzell & Tucker, 1958), it was felt 
desirable to know the blood flow through the udder of the conscious animal 
in order to assess the importance of this factor in the reduced level of milk 
secretion that is characteristic of this preparation. Figures were also 
needed for O, consumption and for the uptake of some milk precursors. 

Apart from one figure quoted by Graham (1937), which was given with- 
out the weight of the tissue, the only published figures for udder blood flow 
in the conscious goat are those of Jung (1932a, b, 1933) who found values 
of 5-5-7-2 ml./100 g/min and Vladimirova (1955) who gives 4-18-7 for 
conscious and anaesthetized animals. These values were obtained with 
stromuhrs in animals held down on their sides and are considerably lower 
than those obtained earlier in the anaesthetized lactating goat (30-60 ml./ 
100 g/min) by Linzell (1954). A number of indirect measurements based 
on the uptake, from analysis of arterial and venous blood samples, of sub- 
stances appearing in the milk (reviewed by Folley, 1949) have indicated 
that the ratio of blood flow to milk yield is about 500: 1 in the cow and goat. 
This would indicate absolute flows of at least 30 ml./100 g/min. 

In view of these discrepancies it was decided to make new blood-flow 
measurements at different stages of the reproductive cycle in goats trained 
to stand quietly without restraint in the laboratory. 


METHODS 
Two methods, both based on the indicator dilution principle of Stewart, have been found 


to be applicable to mammary blood-flow measurements in conscious goats subjected to the 


minimum of restraint (Linzell, 1957). In the first, arterial inflow is measured oy injecting 
: siksie Blue dye into the,main.mammary artery and measuring the concent time 
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eurve of the dye in the venous blood. In the second, venous outflow is measured by the 
thermodilution method of Fegler (1954, 1957), in which cold saline is injected into a main 


a2 


vein and the ation—time curve of the ‘cold’ is recorded with a thermocouple down- 
stream. The first method is limited in value because it is difficult to make repeated injections 
into the mammary artery without disturbing the animal or subjecting it to considerable 
surgical preparation, The venous outflow method is easily repeatable over long periods, 
but since there are two main veins draining each of the two glands forming the udder, one 
(external pudic) as inaccessible as the artery, total venous outflow cannot be measured 
easily in all animals. However, in many multiparous goats all the venous blood leaves via 
the readily accessible caudal superficial epigastric vein in front of the udder, in the standing 
position, and the majority of measurements quoted in this paper were made in this way. The 
methods of selecting animals on this basis for long-term experiments are described in the 


- preceding paper (Linzell, 1960). 


In many of the experiments arterial and mammary venous blood samples were taken 
immediately after flow measurements for the calculation of mammary yptake of O,, glucose 
and volatile fatty acids, and for the calculation of blood flow indirectly from the clearance 
of Ca. 


_ General procedures 


At a preliminary operation under cyclopropane and oxygen anaesthesia a carotid artery 
and the caudal superficial epigastric vein (‘milk vein’) on one side were exteriorized as skin- 
covered loops. At the same time the vessels crossing between the two halves of the udder 
were divided and their regrowth prevented by careful oversewing with the median suspensory 
ligament or by separating the two halves permanently with simple skin flaps. In early 


_ experiments polythene sheets were sewn between the glands. However, in the course of 


months, the fibrous tissue around the plastic gradually contracted so that the sheet was 
tightly compressed into a small package and ceased to separate the udder halves entirely. 
In none of the animals, however, was there regrowth of large anastomotic vessels across the 
mid line. 

All measurements were made in goats trained to stand in a stand in the laboratory, where 
they were held only by a neck yoke which allowed them to move their heads in all directions 
and to feed. The animals were thoroughly accustomed to the laboratory and the experi- 
inenters before the experiment began and walked into the stand quite willingly. They stood 
quietly (often eating or ruminating) during the measurements and were not held in any way. 
Their heart rates were not significantly different from when they were standing in the field 
or animal house, No painful procedures were associated with the laboratory because the vein 
and carotid loops were locally anaesthetized with 2 % lignocaine or 2% procaine in oil before 
entering. On a few occasions, when the local anaesthesia was incomplete, puncture of the 
earotid loop in particular was resented by some animals who reacted by bleating and 
stamping their feet. Since on all other occasions the animals stood quietly eating whilst the 
injection, sampling and thermocouple needles were inserted, it can be concluded that the 
flows were measured in completely undisturbed animals. Some animals did not like being 
left alone and bleated when the experimenters left the room. The presence of a stranger in 
addition to the experimenter did not appear to upset them. These precautions were taken 
because it has been shown in the cow that the disturbance of obtaining arteriovenous samples 
without local anaesthesia may seriously alter the blood composition, chiefly in respect of 
haemoglobin and fat (Graham, Kay & McIntosh, 1936; Shaw & Petersen, 1939). The maxi- 
mum arteriovenous difference for haemoglobin or haematocrit was 3% and on average was 
less than 0-5 % in these experiments. Furthermore, no significant difference in composition 
was found in two venous samples drawn successively over about 2 min, or between samples 
taken from mid stream or from the periphery of the vein. 

As an additional check on the possible effect of the experiments upon the blood flow, the 
milk yields of the two halves of the udder were recorded separately throughout the entire 
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‘lactation period, whereas the blood flows were measured on one side only. Blood flow 


measurements, even when carried out many times a day, had no immediate effect upon the 
milk yield of the experimental or the control gland. Furthermore, the total yields of the two 
halves during the lactation differed by no more than was found in unoperated animals from 
the same herd. 

Arterial blood flow was measured by the injection of 1 ml. 0-5-1-0% Evans Blue into the 
main artery of one gland and recording the tration—time curve of the dye in successive 
samples of venous blood drawn from the ‘milk’ vein. The dye concentration was measured 
either in the plasma or whole blood in a.spectrophotometer at 620 mp. The method was 
checked in isolated perfused goats’ udders by comparing the estimated flow with the venous 


outflow measured directly and with the arterial inflow calculated from the calibration of the 


perfusion pump carried out after the experiment. The accuracy was 104+ 4% (8.D.). When 
the pete were perfused in situ, in anaesthetized goats supported in the standing position, 


Fig. 1. Method of measuring venous outflow from one mammary gland of the 
standing goat by the thermo-dilution method, with an exteriorized ‘milk’ vein 
(M). (a) Disposition of main vessels; during recording the external pudic (EP) and 
perineal (P) are clamped manually. (b) Arrangement of injection needle and needle 
thermocouple. (c) Method of fixing thermocouple to the loop. (d) Tip of injection 
needle giving three jets. | 


the accuracy was 103+ 20%. The artery is difficult to puncture without disturbing the 
animal, and when exteriorized as a skin-covered loop, the tension necessarily involved and 
the movement of the udder cause the vessel to close down and atrophy. This had no ill 
effects on the gland because of the many collaterals which quickly enlarged. In one out of 
three animals the artery was successfully exteriorized by transplanting one half of the udder, 
with its main vessels and nerves, to the inside of the thigh so that movement was con- 
siderably lessened. In other animals repeated intra-arterial injections were made by can- 
nulating the constant side branch of the main artery that supplies the skin at the side of the 
ping In spite of repeatedly washing through with heparin, clotting occurred after a few 
ays 

Venous blood flow was measured by injecting saline (0-2-0-6 ml.) at room bis csaabbicase tx into 
the ‘milk’ vein loop and recording the change of temperature downstream with a needle 
thermocouple (Fig. 16). The needle for the injection of saline was blocked at the tip and had 
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three small holes drilled near the end so that a forceful injection mixed the saline as thoroughly 
as possible with the blood (Fig. 1d). The thermocouple was made of copper constantan 36 
s.w.G. wires and the hot junction was welded to the tip of a hypodermic needle, which was 
held in the mid stream of the vein 5-9 cm from the injection needle by a movable shank and 
rubber strap (Fig. 1c). No solder was used in the construction of the hot or cold junctions 
of the thermocouple, and the switches, wires and terminals were made of copper. The in- 
jection needle, with a Perspex tap of low dead space, and the thermocouple needle and leads 


were 80 light and attached in such a way that the animal was quite free to move without | 


disturbing itself or the apparatus. The recording galvanometers were of 1 sec period, slightly 
less than critically damped and had a sensitivity in use of 33-35 mm/° C. They were cali- 
brated every time they were used against N.P.L. thermometers calibrated to 0-1° C. The 
records were photographed on moving paper and the area under each response to the passage 
of cooled blood measured with a planimeter accurate to 0-3%. The blood temperature and 
that of the injected saline were recorded just before each injection so that the quantity of 
injected ‘cold’ could be determined and the flow calculated from this and the concentration— 
time curve of ‘cold’ (Fegler, 1954, 1957). 

When the method was used to measure the steady flow of water at 36-40 °C through rubber 
tubing of the same size as the vein, the accuracy was 99 + 5% (s.p.). In a conscious lactating 
goat the accuracy was 105 + 11 % as checked by making injections whilst the venous outflow 
was being coHected from a T cannula temporarily inserted into the vein distal to the point of 
injection. The method was reliable when checked with two needle thermocouples inserted at 
the same place and when they were a few centimetres apart, but some difficulties were en- 
countered in non-lactating animals, owing to the large size of the superficial epigastric vein. 
The diameter of the exteriorized vein was 0-8—1-2 cm and during lactation it carried flows 
of 300-1000 ml./min. The blood temperature was 38-5-39-5° C and did not vary more than 
0-1° C in different parts of the stream, even though the flow was laminar as revealed by the 
injection of radio-opaque fluids. In non-lactating animals the flow was only 50-150 ml./min, 


but since the vein is below heart level and sometimes carried non-mammary blood its dia-. 


meter did not decrease. Under these conditions with the lower flows the blood stream did not 
always completely fill the vein. Radio-opaque fluids sometimes clung to one wall and the 
flow profile was often erratic. Relatively stagnant pockets were found where the blood 
temperature was 0-5-3° C below the hottest point, so that the positioning of the thermo- 


couple then became critical. Below 50 ml./min in such large veins the slow transit time 


allowed heat exchange to occur and the method was unreliable. 

Validation and comparison of methods. Venous outflow from the ‘milk’ vein was measured 
directly in two goats (one lactating and the other dry) via a T. cannula inserted in the vein 
under local anaesthesia. The side arm of the cannula had two parallel vertical tubes one of 
which was used to measure the venous pressure and the other for collecting the blood. Flow 
was measured by simultaneously clamping the vein beyond the cannula and opening the 
collecting tube, making sure that during collection the venous pressure remained at its 
previous level. In both goats other tests showed that the total venous outflow from one 
gland was flowing through this vein in the standing position. The recorded flows (45 ml./ 
100 g/min for the lactating animal and 28 for the dry one). agree well with the mean values in 
Table 1. As an additional check the venous outflow (thermodilution) was compared with the 
arterial inflow (dye dilution) in two lactating goats. In the first, which was selected because 


_ total venous outflow was not via the ‘ milk’ vein, the arterial inflow was 31 % greater than the 


‘mill’ vein flow. In the other goat, in which it was believed that the total venous outflow was 
being measured, the arterial inflow (303 + 37 ml./min) over a period of 2 hr agreed well with 
the ‘low measured in the ‘milk’ vein (329 + 52 ml./min). 

Gland size. Estimates were made of the weights of the udders by displacement of water 


_ after removing the milk as thoroughly as possible with oxytocin, or in the case of the smaller 


udcers of dry animals by taking an impression in calcium alginate (Zelex, Amalgamated 
32-2 


‘A 
d 
iS 
n 
l, 
| 
1e 
d 
ll 
of 
r, 
| 
1© 
le 


496 J. L. LINZELL 


Dental Co.), making a plaster of Paris cast from the impression and getting the volume from 
the cast. The specific gravity of udder tissue was found to be 1-032—1-045 for lactating animals 
and 1-03 and 1-054 in two dry pregnant ones. When checked on seven lactating animals that 
were killed immediately after the measurements, the maximum error encountered was 12°%,, 
the mean error 3% and in four cases the estimate was within 1% of the actual weight. In 
the case of dry non-pregnant animals three had udder sp.gr.-of 1-05, 1-07 and 1-16, but in a 
fourth it was 1-0 because in this, a fat animal, the udder was over 50% adipose tissue. 
Although a great amount of fat can be detected by palpation and the animals used in this 
work were not excessively fat, the estimates of the weight of mammary tissue must be con- 
sidered less accurate in dry animals. In these the maximum error encountered was 25 % and 
the mean error 8%. 


Analytical methods 
Blood. This was analysed at once for O, and CO, in the Van Slyke manometric apparatus ; 
for haemoglobin as cyanmeth lobin in a spectrophotometer at 642 my; for plasma 


sugar by Somogyi’s (1952) method with Nelson’s (1944) precipitant; and for calcium and 
magnesium, by titration of the oxalate and ammonium phosphate salts with EDTA (Wilson, 
1955). Analyses were also sometimes made for volatile fatty acids (VFA) (Annison, 1954), 
inorganic phosphorus (Fiske & Subbarow, 1925 and later Berenblum & Chain, 1938), and 
packed cell volume by centrifuging at 15000 g for 15 min. 

Milk. A portion of the total daily milk yield from the experimental side on the day of 
flow measurement was analysed at once for lactose (Somogyi’s reagent after Grimbleby’s 
(1956) precipitation) and for total solids, ash, fat (Rose—Gottlieb) and calcium from the ash 
after storage at — 20°C. 


RESULTS 


The rate of blood flow through a single mammary are was found to 
vary in fourteen conscious goats from 50 to 1000 ml./min, depending upon 
the stage of the reproductive cycle. When related to the estimated weight 
of tissue the range was 15-66 ml./100 g/min (Table 1). The flows during 
lactation were considerably higher than those previously recorded by Jung 
(1932a, 6; 1933) and Vladimirova (1955), both of whom held the goat down 
on its side and inserted stromuhrs into the main external pudic artery to 
the mammary gland under local anaesthesia (the ethy! chloride used by 
Jung may not have been fully effective). Although it will become apparent 
that, considered with average arteriovenous differences of milk precursors, 
the higher flows recorded in this work are the minimum values that could 
account for the milk formed, some preliminary experiments were done 
under the conditions used by Jung and by Vladimirova. It was found that 
holding a goat on its side lowered the mammary blood flow by at least 50 %, 
in both lactating and dry animals, as compared with the flows measured 
at the same time on the previous day (Fig. 2). It will be seen that under 
effective local and epidural anaesthesia the lowered blood flow was related 
more to the position of the animal than to the surgical procedure. How- 
ever, under all forms of anaesthesia dissection of the mammary artery 
caused it to go into spasm. The fall in flow due to the animal being held 
down seems likely to be due to stimulation of the sympathetic nervous 
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TapLe 1. Summary of observations made on 13 goats at different stages of the reproductive 
cycle; range, (no. of observations), mean + s.E. of mean. Each observation was made during 
one session in the laboratory and is the mean of several blood- flow measurements but only 
one pair of blood samples 


Lactating Non-lactating 
More than Less than —, 
50 ml. me g/ 50 ml./100 g/ 
7 day day Pregnant Non-pregnant 
A-V diff. 
O, ml./100 ml, 2-4~—7-5 (139) 2-8-6-6 1-3—7-2 (38) 2-0-5-0 (4) 
4-88 + 0-085 4-6+0-4 3°9+0-18 
Glucose 5-53 (148) 1-22 (2h) +9—20 (43) +9-5 (4) 
(mg/100 ml.) 19-4+0-78 8-64 1-3 5+0-71 ] 
VFA (mM) 0-42-1-65 (20) 0-4—1-3 (5) 0-25-0-88 (11) 0-33 (1) 
0-95+0-08 0:98 + 0-165 0-7 + 0-057 
0-85-2-4 (130) 0-96-1-5 (20) 0-49-21 (31) 0-78 1-25 (4) 
1:24+0-02 1-:24+0-011 1:16 + 0-06 1-01 
Blood flow 32-66 (97) 20-44 (10) 15-43 (30) 19-39 (6) 
(ml./100 g/min) 47 + 0-92 31-54 2-2 2641-5 28+ 2-8 
Uptake 
1-10—-4-47 (76)  0-75-1-86 (6) 0- 58-2: 02 0-71, 1-27, 1-96 (3) 
g/min) 2:34+ 0-10 1-42 + 0-16 1-:09+0-0 1-31 
Glucose 2-3—26-3 (81) 0-2-3°6 (5) +1-8-41 (38) 0-93, 1-8, +1-7 (3) 
nse g/min) 0-5 2-2+0°76 0-85 + 0-25 0-34 
Aceta 3-7 (12) 0-6—2-2 (5) 0-5-1+4 (9) 
(ong/100 g/min) ‘23 1-6+0-31 
Local Epidural General Anaesthetic 
{ 
Vein Vein Udder Operation 
1 
30 / 
i= | / flow in dry 
= / 
£ x 
x 
= x 
8 10 F Side Side 
Standing Sitting up 
1 2 3 4 5 6 7 " 
~ : Hours 


Fig. 2. Effect of posture, anaesthesia and operation on mammary blood flow in.a 
non-lactating goat. The flow from one gland was measured directly at the existing 
venous pressure via a T cannula inserted in the caudal superficial epigastic vein. 
The animal received chlorpromazine 2 mg/kg 1 hr before the experiment and 
heparin 1000 i.a./kg at the start. The flow fell markedly only when the animal was 
held on its side. The minor operation (cannulation of ‘milk’ vein) in this position was 
not responsible because a more extensive operation (separation of two halves of 
udder) in comfortable sitting position had no effect. Notice the slow recovery after 
the fall in flow. 
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system. It is well known that ruminant animals are extremely uncom- 
fortable on their sides, chiefly because they cannot belch so that the rumen 
quickly becomes distended with the gas constantly produced by fermenta- 
tion. It has been shown previously that mammary blood vessels are very 
sensitive to adrenaline and noradrenaline (Hebb & Linzell, 1951) and that 
the sympathetic adrenergic vasomotor nerves can stop blood flow entirely 
during stimulation (Linzell, 1950, 1953). In this work it has been found in 
trained animals standing quietly that intravenous adrenaline 0-8—1-2 yg/ 
kg/min reduces mammary blood flow almost to zero. 

A further finding shown in Fig. 2 was that after being held down, 
although the animals stood quietly eating as soon as they were released, 
the blood flow did not recover for 1-1-5 hr. After surgical operations in this 
position under general anaesthesia (e.g. making a carotid loop), the mam- 
mary blood flow remained 40-62% of normal for as long as 4 hr after 
recovery from the anaesthetic. : 


Variations in blood flow 

Minute-to-minute. The method. of venous outflow measurement used 
integrates the flow over a period of 5-10 sec and has an error in vitro of 
5 % (s.p.) of the mean. Jn vivo this was apparently increased to 10%, but 
it is possible that part of this additional fluctuation may be genuine, 
because the method could only be checked accurately by collecting the 
venous outflow over a period of 30 sec. In the majority of experiments 
where flow was measured 2—20 times over periods of 3-60 min the variation 
was of the order of 10% (s.p.) In a small number of observations the flow 
varied 1 % or less or showed larger variations up to a maximum of 20%. 

Hour-to hour. No clear evidence of significant variation was obtained. 
Observations were made in one goat at different hours of the day and night 
on 6 days between the 23rd and 34th weeks of lactation, when the milk 
yield was almost stationary. The mean flows for each day were identical 
but the standard deviation of observations varied from 8 to 38%, of the 
mean. The highest flows (120% of the mean) were encountered just before - 
and after the morning and afternoon milkings, at which time the goat was 
also fed, and the lowest (75°% of the mean) midway between milkings. 
Therefore the majority of observations reported in this paper were made 
just after the morning milking (9.30 a.m.) and again about 3-5—4 hr later. 
However, over this animal’s next lactation the morning flow was only 
greatest on 8 out of 14 days and when the results from all the goats were 
analysed at the end of the experiment no significant difference was found. 

Day-to-day. The blood flow measured on one day (mean of morning and 


midday estimates) averaged 99 + 10% of that measured 2-4 days earlier in 
the same way. 
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M onth-to-month. Since the flows measured twice in one day and on 2 days 
in one week did not differ significantly, the values were pooled and used as 
an estimate of the blood flow during that week. Analysis of arterial and 
mammary venous blood samples obtained at each session gave four 
estimates of R.Q. and O,, glucose and sometimes volatile fatty acid (VFA) 
uptake. The average daily milk yield for the week and the empty weight of 
the gland were also recorded. In five animals this was repeated monthly 
during the normal lactation (some results had to be discarded because total 
blood flow was not always measured), a sixth animal was followed for 
2 years over 2 pregnancies and 1 lactation, and a number of other estimates 
were made in the remaining eight goats at all stages of the reproductive 
cycle. The results are summarized in Table 1. _ 

It will be seen, as might be expected, that the blood flow, the arterio- 
venous differences, the R.Q. and the calculated uptakes of O,, glucose and 
VFA were all greater in lactating than in dry animals. However, in non- 


- Jactating animals there was little significant difference between non- 


pregnant and pregnant animals, except possibly that the uptake of glucose 
and the R.Q. were higher in pregnant animals. Observations made during 
lactation have been divided into those from fully lactating animals (more. 
than 50 ml. milk/100 g tissue/day) and those from animals in declining 
lactation (less than 50 ml.). This figure was chosen because below this level 
lactation ceased quickly in most animals. Table 1 shows that the blood 
flow, O, consumption and the uptake of glucose and VFA were all lower at 
this low milk yield. However, to some extent the grouping of the obser- 
vations in this way is misleading, because it obscures variations occurring 
at different stages of pregnancy and lactation (Figs. 3 and 4). During 
lactation in each animal the blood flow, O,, glucose and VFA consumption 
all varied with the milk yield and a similar dependence was seen between 
the average daily milk yield and the blood flow and glucose — per 


100 g tissue in all the goats (Fig. 5). 


The ratio of blood ee to milk yield 


Mammary blood flow has been estimated in the past from the plasma 
clearance of milk precursors on the Fick principle and the results expressed 
as the ratio of blood flow to milk yield. Estimates have varied from 200 
to 1000:1 but a-figure of about 500:1 is generally accepted (see Folley, 
1949). In this work it has been possible to calculate the ratio directly from 
observed blood flows and indirectly from arteriovenous differences. 

Direct estimates. These show that the ratio of blood flow to milk yield is 
not fixed but varies inversely with the rate of milk secretion and is thus 
a measure of efficiency (Fig. 6). In Fig. 6 the curve has been calculated 
from the regression of Fig. 5a and it will be seen that actual observations 
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Fig. 3. Variations during the reproductive cycle of one goat (Bessie); right gland 
only; mean and range of observed data during a week. The fall in milk yield due to 
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a mild illness at the start of lactation is abnormal (see Fig, 4). 
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Acetate uptake 
(mg/100 g/min) 
O, uptake 
(mI./100 g/min) 
10 - 
8 - 
Glucose uptake 
(mg/100 g/min) 4 
= 
16 
R.Q. 
1:2 
1:0 - 
08 + 
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+ ¥ 
140 - 
Milk yield 
(ml./100 g/day) 
Milk yield 60 - x 
x 
20 - 
| Blood flow 4 
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10 - ~ 
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Fig. 4(a). Calculated data derived from Fig. 3. The values in early lactation are 
abnormal owing to mild illness and typical values for two other goats (Joan and 
Gertrude) are shown in (6). Volatile fatty acid uptake is calculated as acetate. 
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fall reasonably close to this line. At the highest yield recorded in these 
goats (172 ml./100 g/day) the average ratio of blood flow to milk yield was 
460:1 but at low yield (50 ml./100 g/day) it was over 1000:1 and rapidly 
approached infinity as milk secretion ceased. This marked decrease in 
efficiency associated with declining lactation further justifies the separation 
of these observations in Table 1. : 
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Fig. 5. Variations in blood flow and glucose uptake with the rate of milk secretion. 
Each point is the mean of 4 estimates in one week; twelve goats. Goat Bessie x, 
Joan @, Gertrude A. The lines are calculated from regressions. 


It is of interest that the ratio of blood flow to milk yield also varied in the 
expected way at different stages of lactation in each animal and also 
changed during a fall in yield owing to illness. The yield of the animal shown 
in Figs. 3 and 4a fell shortly after parturition (owing to a uterine infection) 
at a time when the yield normally increases (Fig. 4b). However, the blood 
flow fell less than the milk yield, the ratio being 880:1, indicating a de- 
creased efficiency in the secretory ability of the tissue. 

Indirect estimates. Shaw & Petersen (1940) recommended the use of the 
arteriovenous difference of Ca, since all milk Ca must come from the plasma, 
whereas, for example, not all lactose comes from glucose. The average 
arteriovenous difference of Ca was 0-22 + 0-01 (s.z. of mean) mg/100 ml. for 
goats giving more than 50 ml. of milk/100 g /day, and 0-15 + 0-04 for non- 
lactating animals. These values did not appear to increase with the interva! 
between milkings as Shaw & Petersen (1940) found in the cow, but un- 
fortunately were small in relation to the error of the method (0:28 + 0-01 
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mg/100 ml.). Therefore, as might be expected, the ratio of blood flow to milk 
yield calculated from individual figures varied widely and even the mean 
of 2-4 observations in a day varied from 30 to 150% of direct estimates 


Milk yield (mi./100 g/day) 


Milk yield 


Fig. 6. Relation between blood flow/milk yield and level of milk secretion, 
showing that. this is a measure of efficiency. The curve is calculated from the re- 
gression line in Fig. 5 and the points are weekly averages (twelve goats). _ 


TaBLE 2. A quantitative comparison of the major milk constituents with their probable 
plasma precursors in the goat. Based on the following average figures: milk yield 100 ml./ 
100 g/day; blood flow 45 ml./100 g/min; lymph flow 50 ml./100 g/day; milk composition 
(%), fat 4°76, lactose 4-7, total N 0-53. The arteriovenous differences for fat and amino N 
have been taken from Lintzel (1934). The calorific value of milk was calculated by the method 


of Perrin (1958) Milk output 
| ilk outpu 


- Mammary uptake (g/100 g 
Substance (g/100 g tissue/day) tissue/day) 

Calcium 0-142 0-143 
Glucose 10-3 lactose 4-7 
Fat 3°2 4:76 
Acetate 3-2 — 
Amino N (see p. 509) - 0°65 total N 0-52 
Calories (kcal) 10 81 
oO, 3°37 1. = 17 kcal 


made at the same time. Nevertheless, the ratio of blood flow to milk yield 
(645:1) calculated from the mean figures in Table 2 agrees well with that 
observed directly (660:1).. Similarly, in declining lactation the calculated 
ravio from Ca uptake (1700: 1) is of the same order as that observed directly 


(2090: 1), 


= 
x 
fay 
100 
a \* 
50 > | 
x V 
500 1000 1500 2000 2500 3000 : 
Blood flow 


504 J. L. LINZELL 


> 
g € 30F 
38 
o= 
© 
E20} 
3 
< 
05 10 15 10 20 30 40 50 60 70 80 90 
Arterial plasma VFA (mm) Arterial plasma glucose (mg/100 ml.) 


Fig. 7. Variations of arteriovenous differences of volatile fatty acids and glucose 
with arterial plasma level of goat Bessie during lactation. The lines are calculated 
from regressions. 


DISCUSSION 


The blood flows recorded under these conditions are several times higher 
than those previously measured directly by Jung (1932a, 6, 1933) and 
Vladimirova (1955). It is believed that the higher values obtained in this 
work more nearly approach the normal, for the following reasons. The 
measurements were made in undisturbed animals and it has been shown 
that the methods used previously reduce the flow. Moreover, the methods 
used here for long periods did not significantly affect the milk yield of the 
gland used for measurement as compared with the opposite gland of the 
same animal, or as compared with other animals of the same herd. When 
considered with arteriovenous differences measured at the same time (which 
agree well with previous figures), the calculated uptake of Ca is just enough 
to account for that appearing in the milk. The 0, consumption per gram 
of tissue is similar to that encountered in slices of goat mammary gland by 
Folley & French (1949) and glucose consumption is similar to that of slices 
of guinea-pig mammary gland (Venkataraman & Reithel, 1957). 

It must be pointed out that, since the mammary blood vessels also 
supply the surrounding skin and connective tissue, the figures given here 
include the blood flow through the teat, the skin of the udder and the 
suspensory ligaments and connective tissue capsule. In lactating goats 
mammary tissue forms 84 + 4 (s.D.) °% of the weight of the udder, so that 
the recorded blood flow must be mainly that through secretory tissue. 
However, in non-pregnant dry goats mammary tissue may form only 
40-60 %, of the total weight of the udder when involution is maximal. The 
figures for total flow through dry glands therefore should be interpreted 

with this in mind. In pregnant goats the proportion of mammary tissue 
increases with the growth of the gland. 
Previous indirect estimates of blood flow in lactating cows and goats, 
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expressed as the number of volumes of blood that flow through the 
mammary gland to form one volume of milk, more nearly agree with the 
present values than the older direct estimates already referred to. In this 
work it has been found that this ratio varies with the amount of milk 
secreted and thus may be a measure of over-all efficiency. It is well known 
that the udder decreases in size during lactation. In this herd in non- 
pregnant animals the glands shrink to 25-40 % of their maximum weight 
in about 10 months, and this is accompanied by a fall in yield per gram of 
_ tissue (Fig. 4). 
_ It has been pointed out already that the proportion of mammary tissue 
is also lower in dry animals. If the skin, teat and connective tissue have 
a much lower blood flow than the mammary tissue the question arises as to 
whether an increasing proportion of non-mammary tissue accounts for the 
apparent fall in efficiency and milk yield per gram of total tissue as the milk 
yield declines. It seems unlikely that this could cause the whole effect. It 
has been calculated that the proportion of non-mammary tissue (skin, teat 
and capsule) of the glands concerned (500-1500 g) might be expected to 
increase from about 10 to 20 % during the course of the lactation. Figures 
used in this calculation were an average skin thickness of 0-7-1-0 mm and a 
teat weight of 35-50 g (this changes little during a lactation). The area of 
skin and capsule was measured from plaster casts of the glands, where 
available, or calculated from the volume (assuming the gland to be a hemi- 
sphere, a cylinder or appropriate geometrical shape). Actual measure- 
ments from other goats killed at known stages of lactation were essentially 
in agreement. The milk yield per gram of total tissue per day decreases 
from about 1-7 to zero, whilst the proportion of mammary tissue only falls 
from 90 to 80%, of the total weight. Clearly there is a real decrease in the 
amount of milk secreted by each gram of tissue as lactation proceeds. 
Furthermore, even if it is assumed that the blood flow through the non- 
mammary tissue is zero then there is still a relation between the yield per 
gram and the blood flow per gram, and of course in this case the ratio of 
blood flow to milk yield increases even more markedly as, the yield de- 
creases. In fact, it may well be that the blood flow through the skin and 
teat is relatively high. Both structures have a large number of arterio- 
venous anastomoses (starch grains 22 pass easily through goats’ udders 
only when the skin and teat are present) and the udder skin temperature in 
lactating goats is 36-38° ©. If this is true then the error due to the in- 
_ ¢lusion of non-mammary tissue in blood flow measurement is much smaller 
than is already allowed for. 3 

It must be admitted that the changes in. mammary gland weight in the 
goat are partly due to a varying proportion of purely secretory tissue over 
and above a relatively constant weight of large ducts and cisterns. Although 
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this must partly account for the variations in milk yield and blood flow, 
the fact that the milk yield can vary greatly whilst mammary weight 
changes little shows that the rate of secretion by the alveolar tissue can 
also change (Fig. 3). This occurs at the very end of lactation in all 
goats. 

It would seem reasonable to conclude, therefore, that the decline in milk 


yield that occurs during a lactation is due both to a loss of secretory tissue 


and to a fall in the rate of secretion per cell. Furthermore, even when 
allowance has been made for the increasing proportion of non-mammary 
tissue, there is a parallel decrease in efficiency of milk formation in that 
less milk is formed from each volume of blood passing through the 
gland. 

One may also investigate mammary efficiency by comparing the uptake 
of milk precursors from the plasma with the amount of the product 
appearing in the milk in the same time (Table 2). The hazards of equating 
small arteriovenous differences calculated from samples collected in less 
- than a minute with milk formed during a period of hours must be stressed. 
This has been already pointed out in the case of Ca, where the arterio- 
venous difference is very small and, as might be expected, the errors are 
less in the case of glucose and lactose, where the difference is larger. When 


calculated from weekly figures of all goats the glucose accounted for as 


lactate is 55+5° which agrees well with the value in Table 2 calculated 
from means. | 

It will be seen that for Ca the efficiency approaches 100%. However, in 
the case of daily balances for individual goats in early lactation the Ca 
uptake was more often insufficient to account for the milk Ca, whereas late 
in lactation it was more often in excess of that in the milk. This supports 
' the suggestion of Swanson, Monroe, Zilversmit, Visek & Comar (1956) from 

studies of “Ca excretion in the milk of cows, that the udder has a variable 

store of calcium. 

It is less easy to do quantitative balances for the major milk con- 
stituents because much modern work with isotopes shows that several 
plasma precursors help to form each substance (Folley, 1956). Nevertheless, 
milk proteins and lactose are derived mainly from plasma amino acids and 
glucose, respectively. In the ruminant acetate is the source of the 10° 
of short-chain fatty acids (C,-C,,) of milk fat and most probably forms acids 
up to C,, as well (i.e. 50° of fat). The remainder is largely derived from 
plasma lipids. | 

The remaining figures in Table 2 show that the mammary gland trans- 
fers about 80% of the total calories and amino N removed from the plasma 
into the milk. Only 50 °% of the glucose can be accounted for as lactose but 
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milk fat could account for 80 % of the neutral fat and acetate taken up. It 
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would seem likely that some acetate and glucose are oxidized, but it is not 
possible to decide the proportion of each because the R.Q. of lactating tissue 
is over 1 and the R.Q. for acetate and glucose are identical. The acetate 
consumption of non-lactating tissue is similar to that of glucose. This 
suggests that acetate is being oxidized as in most other ruminant tissues, 
_ and sufficient is taken up by the lactating tissue to continue this and trans- 
_ form the remainder into fatty acids. Nevertheless, one of the most striking 
findings in this work is the very great increase in the uptake of glucose 
during lactation. Whereas O, consumption doubles, and acetate consump- 
tion trebles, glucose uptake goes up nine times. This is more than sufficient 
to account for all the lactose and the entire O, consumption. 

Gaps in our knowledge of glucose metabolism in ruminants have been 
pointed out by Lindsay (1959). The estimated daily turnover of glucose in 
a sheep is only 100 g and yet a lactating ewe gives about 80 g of lactose 
daily in the milk. 200 g of lactose daily would not be unusual for a lactating 
goat and the present figures indicate that at maximum efficiency at least 
- 270 g of glucose would be taken up by the udder to produce this. These 
figures emphasize the very great demand for glucose that the onset of 
lactation suddenly throws on the organism. Although the arterial plasma 
glucose was slightly higher in lactating (60 mg) than in dry animals 
(53 mg) the figures were not statistically significant. However, as 
Graham, Jones & Kay (1936) found in the cow, the arteriovenous difference 
of glucose increased with the arterial level (Fig. 7). Similarly the level of 
_ arterial plasma VFA was higher in lactating animals (1-3 mm) than in dry 
ones (0:89 mm) and, as McClymont (1951) found in the cow, the arterio- 
venous difference was also related to this level. These figures emphasize 
the avid uptake of glucose and acetate by the mammary glands. 

It is not surprising that the present figures show that the metabolic rate 
of the lactating mammary gland is similar to that of the brain and approaches 
that of the liver. This is to be expected in an organ that is actively syn- 
thesizing. The fact that the blood flow and the uptake of milk precursors 
do not fluctuate widely during the 24 hr supports the recent view that 
ordinarily milk secretion is a steady continuous process (see Linzell, 1959). 
_ Even in dry animals the total udder blood flow is equivalent to that through » 
skin during maximal vasodilatation, suggesting that mammary tissue is 
always metabolically relatively active. 


SUMMARY 


1. Mammary-gland blood flow, weight, milk wield and arteriovenous: 
differences of O,,Ca, glucose and volatile fatty acids have been measured at - 
all stages of the reproductive cycle in goats trained to ‘stand in the 
laboratory. 
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2. The mean blood flow was 28 ml./100 g/min in dry goats and 45 ml./ 
100 g/min in lactating animals giving 100 ml. milk/100 g/day. Holding 
goats on their sides, as was done by previous workers who recorded much 
lower figures, significantly reduced the mammary blood flow. 

3. Blood flow variation from minute to minute was 10% of the mean 
(s.p.), and was not significantly greater from hour to hour or from day to 
day. During lactation the blood flow varied with the milk yield. 

4. The mean arteriovenous differences and instantaneous R.Q. agree well 
with those of previous workers. The mean ratio of blood flow to milk yield 
(650:1) calculated from the Ca difference and the milk Ca agrees with 
earlier estimates and with directly observed values, but. was found to in- 
crease with a fall in milk yield and is thus a measure of efficiency. 

5. During lactation 0, consumption doubles, the uptake of volatile 
fatty acids trebles but glucose uptake increases nine times. © 

6. On the average 100% of the Ca, and 80% of the N and calories 
removed from the blood appear in the milk. Similarly 80°% of the neutral 
fat and volatile fatty acids taken up are accounted for in milk fat but only 
50% of the glucose appears as lactose. 

7. The importance of glucose in the metabolism of lactating ruminants 
is stressed. 


I am grateful to Mr I. R. Fleet for efficient and enthusiastic technical assistance, to Mr 
G. Bull for help with blood and milk analyses and to Dr D. C. Hardwick for many helpful 
discussions, 3 
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Note added in proof 


There is some doubt whether Lintzel (1934. Z. Ziicht. B. 29, 219-242) reported total 
amino-acid N. If he did not, then the mammary uptake may be greater than that 
indicated, and the over-all N-efficioncy less. 
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THE FLOW AND COMPOSITION OF MAMMARY GLAND LYMPH 


By J. L. LINZELL 
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_ There are no published figures for the rate of lymph flow from the 
mammary glands, although a number of authors have stated that it should 
be considered in the study of the uptake of milk precursors from the blood 
by the mammary glands. In recent years Belgian workers have suggested 
the study of mammary lymph composition as a means of investigating 
mammary gland metabolism and have published some detailed analyses of 
the lymph taken from the udders of dead cows (Heyndrickx & Peeters, 
1958a, b, 1960; Heyndrickx, 1959). Mammary gland lymph has been 
collected on a number of occasions in this laboratory over a period of 
10 years, chiefly from goats during studies of the transfer of metabolites 
from blood to milk (Linzell, 1960) and during a study of the perfused goat’s 
udder (Cargill-Thompson, Drury, Hardwick, Linzell & Tucker, 1958; 
Hardwick, Linzell & Price, 1960). The results are presented now because | 
sufficient data have accumulated to suggest that mammary lymph flow 
does reflect the metabolic activity of the tissue and also to sound a note of 
caution, because the composition of the lymph collected from conscious 
goats differs in some important respects from that obtained from dead 
cows. In addition, it seems worth recording that large quantities of lymph 
can be obtained for long periods with minimal disturbance from goats’ 
udders, because this type of preparation may be of use to workers interested 
in 
METHODS 


The lymphatic vessels from the two mammary glands forming the udder in the goat and 
sheep pass to the superficial inguinal lymphatic glands on eadh side, from whence a single 
lymphatic trunk passes into the abdomen through the Ratan Poca parallel and caudal to 
the external pudic blood vessels. This efferent duct was cannulated with polythene tubing 
(1-2 mm outside diameter; 20-30 em long) a few centimetres from the lymph gland (Fig. 1). 
In some animals there are 2 or 3 efferent lymph trunks; in such cases one was cannulated 
and the others ligated. 

For continuous collection in conscious goats a polythene bag or bottle (100-250 ml.) was 
fixed to the animal. In early experiments epidural anaesthesia was used (5-8 ml. lignocaine 
2% in the lumbosacral space), but this suffered from the disadvantage that some animals 
staggered about as the anaesthetic wore off and had to be temporarily supported in a sling 
to prevent the cannula from being dislodged. Later, satisfactory anaesthesia was obtained 
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by blocking the udder nerves paravertebrally (Linzell, 1959); in this case there was no 
paralysis of the hind quarters. A tranquillizing dose of chlorpromazine hydrochloride, 
}-70 mg/kg was given }~1 hr before the operation. The lymph cannula was anchored to the 
lateral suspensory ligament of the udder when this was stitched up after cannulation, and 
the distal end was led into the collecting bottle via a stainless-steel cannula, inserted 
through the skin 5-7 cm from the vulva, with a flexible rubber tube joining it to the cap of 
the bottle (Text-fig. 1 and Pl. 1). The animal thus had complete freedom and the collecting 
bottle could be changed without disturbing it.or the cannula. The narrow space between the 
lymph cannula and the skin cannula quickly filled with wound fluid, which clotted and 
effectively sealed the space so that uncontaminated lymph was obtained. Some of the goats 


(a) 


Text-fig. 1. Diagram of method used for the continuous collection of mammary 
lyinph in conscious goats. (a) Position of lymph duct (L) and cannula, external 

_ pudic artery (A) and vein (V). (b) Scale diagram of flexible rubber connector used 
to join the polythene collecting bottle to the animal. @, Lymph cannula; Sk, skin; 
A, air vent. Plastic, white; stainless steel, black; rubber, cross-hatched. 


used for continuous collection were aiso used for mammary blood-flow measurements and 
had a mammary vein and a carotid artery exteriorized, so that blood samples could also be 
obtained without disturbance during lymph collection. 

Lymph and plasma were analysed by the following methods: Protein, as total N, by a 
micro-Kjeldahl method; Na and K by flame photometry (EEL Photometer); Ca and Mg, 
Wilson (1955); Cl, Van Slyke & Hiller (1947); HCO,, Van Slyke & Sendroy (1928); volatile 
fatty acids (VFA), Annison (1954); glucose, Nelson (1944) and Somogyi (1952); lactate, 
Barker & Britton (1957); inorganic P, Berenblum & Chain (1938); amino acids, Hamilton & 
Van Slyke (1948). 


EXPLANATION OF PLATE 


Photograph of the position of the lymph-collecting bottle in a conscious goat. 
33-2 
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RESULTS 
Mammary lymph flow in conscious goats 

Collections were made in 8 Saanen goats for periods varying from 8 hr 
to 17 days. The volume of lymph collected in non-pregnant animals 
ranged from 150 to 840 ml./day and the most comprehensive observations 
are summarized in Table 1. | 

It must be pointed out that the lymph duct cannulated drains the whole 
inguinal region including the mammary gland, skin, the teat and the vulva, 
so that it has to be decided to what extent the lymph obtained represents 
mammary-gland lymph. It was not at first realized that an appreciable 
proportion of the lymph from the vulva drains through the superficial 
inguinal lymph gland at the base of the udder (Text-fig. 1). This was 
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Lymph flow (m1./100 g/hr) 


Text-fig. 2. (a) Relation of lymph flow (@) to milk yield/100 g tissue and to lymph 
protein (QO). (b) Relation of lymph flow to blood flow/100 g tissue. Blood-flow 
figures from Linzell (1960). 


suspected when it was observed that, whereas the lymph flow in dry 
non-pregnant goats was less than in non-pregnant lactating animals (‘Text- 
fig. 2), in pregnancy the flow per gram of tissue remained equal to the highest 
flows, irrespective of the milk yield, and was often 10-30% higher. The 
highest flows recorded (800-1000 ml./day, or 3 ml./100 g/hr) were obtained 
in one animal in the 3 days before parturition, when the whole perineum was 
oedematous. In this animal red blood cells appeared in the lymph during © 
parturition and the lymph unexpectedly clotted in the cannula 7 hr later. 
Next day, following the injection of Evans Blue dye (4%) around the vulva, 
3-4 small lymphatics containing the dye were seen to be running from the 
vulva towards the superficial inguinal lymph gland in company with the 
perineal blood vessels. Similar vessels were demonstrated by the same 
method in other goats, although they were smaller in non-pregnant. 
animals (Text-fig. 1). 
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Thus the figures recorded in pregnant animals are unreliable as estimates 
of mammary lymph flow, but the error in lactating non-pregnant goats is 
probably negligible. During lactation the skin and teat form only 20°%, 
of the total weight of the udder, which again is at least 40 times the weight 


Milk yield 
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Text-fig. 3. Daily variations in milk yield, lymph flow and lymph protein from 
right mammary gland of goat Gracie. Cannulation on day 11, shown by arrows; the 
lymphatics from the vulva were resected in this animal on day 12. The fall in milk 
yield before cannulation occurred when the goat was moved from the farm to the 


animal house. It was associated with a lower rate of lymph flow and a higher 
lymph protein. 


of the vulva at this stage because goats are anoestrous for the first 5-6 
months of lactation and the vagina and vulva are small. In one goat 
(Gracie, Table 1 and Text-fig. 3), after the lymph duct was cannulated, 2 ml. 
_ Evans Blue (4%) solution was injected beside the vulva and the dye 

appeared in the cannula within 45 min. However, only about 36 % of the 
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| injected dye was recovered in the lymph, and when the perineal blood 


yessels and lymphatics were completely resected 26 hr later there was no 
significant change in the lymph flow. 

Although there are blood vessels crossing the mid line between the two 
halves of the udder, there are no conspicuous lymphatics. The lymph flows 


were not significantly different in the two goats (Jill and Bessie, Table 1) 


in which the two glands of the udder had been previously permanently 
separated by a plastic skin operation. 

The daily loss of large quantities of lymph from these goats did not 
produce any noticeable ill effects. Adequate minerals were provided in the 
diet for milk production and pregnancy and water and salt licks were 


- continuously available. There was no fall in plasma Na or Cl even after 


continuous collection for 17 days and no significant fall in milk yield in 
lactating animals. The losses of water, Na, Cl and protein were not great 
in relation to the weight of the animals (about 70 kg) and were usually less 


than the daily loss in the milk. 


It will be seen from Table 1 and Text-fig. 2 that the average daily lymph 
flow varied with the daily milk yield. A similar relationship was also seen 
in individual animals from day to day and the clearest case is shown in 
Text-fig. 3. Since it has been found already that blood flow is related to 
milk yield (Linzell, 1960), as might be expected, lymph flow also varied 
with the average blood flow (Text-fig. 2). | 

The daily variations in lymph flow were not great, the standard devia- 
tion being about 10° of the mean. In one goat the flow increased 50 % on 
the second day after cannulation when the operation wound was unusually 
oedematous. Hourly variations in flow were much greater (up to 300%). 
Hourly collections for 33 hr in the goat Pam (Text-fig. 4) showed a standard 
deviation of 46% of the mean. Although the rate of flow was sometimes 


highest at about the time the goats were milked and fed (9.30 a.m. and 


5.0 p.m.) and was usually lowest in periods when the animals were mostly 
lying down (as at night and during the week-ends), at other times varia- _ 
tions appeared to be random (Text-fig. 4). A marked increase in lymph flow 
(300-500 %) was produced when the animals’ hind quarters were suspended 
in a sling during the recovery from epidural anaesthesia, presumably due to 
a rise in pressure in the abdominal veins produced in this way (Text-fig. 4). — 
In one goat lymph flow was measured during pregnancy at the end of 
lactation and milking was stopped on the second day of lymph collection. 
There was no change in lymph flow either when the udder became dis- 
tended with milk 6 days later or when this was relieved by milking out. 
Lymph composition. A general analysis of the lymph collected daily is 
given in Table 1, together with the average composition of plasma from 
lactating Saanen goats of the same herd, collected over several years in 
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the course of other work. Variations in the composition of lymph collected 
hourly, which was investigated only in the case of Ca, Mg, P and glucose, 
were of the same order as the daily variations. However, variations in 
glucose content as high as 30%, of the mean were encountered in successive 
5 min samples. 7 
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Text-fig. 4. Record of hourly lymph flow from right mammary gland on 8 days in 
the goat Pam. The animal was suspended in a sling to recover from the epidural 
spinal anaesthetic on day | as signalled by black bar and the lymph flow rose. 
The goat was milked each day at 9.30 a.m. and 5 p.m., shown by arrows. 


As has been reported for lymph from some other organs (Yoffey & 
Courtice, 1956) the protein concentration tended to be higher at the lower 
rates of flow (Text-figs. 2,3). As a result, the daily loss of protein in the 
lymph for the goats in Table 1, which were all in full lactation, was fairly 
constant (10-2, 11-3, 11-7 and 9-8 g/day). Electrophoretic analyses, by 
Dr A. E. Pierce of this Institute, of serum and lymph proteins collected 
simultaneously from the goat Jill (Table 1) showed no significant difference 
' between arterial and mammary venous serum proteins, which consisted 
of albumin, 25-7% «-globulin, 6-8°% f-globulin, and 23% y- 
globulin. By contrast, the lymph protein consisted of 55-2° albumin, 
21-8 % «-globulin, B-globulin and 15-9 % y-globulin. There was also 
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probably fibrinogen in the lymph, because a fibrin-like material came down 
when heparinized lymph was thawed out after storage at —10° C. 
__ The differences between lymph and plasma shown in Table | are similar 
~ to those reported for other organs. Since the samples were not collected — 
at the same time from the same goats the differences have not been tested 
for significance. However, in addition to these analyses, samples of arterial 
and mammary venous plasma (4 samples of each, collected every 2 hr and 
pooled) were compared with the lymph produced simultaneously (during 
8 hr) in the goat Bessie. The analyses were very similar to the figures in 
Table 1; lymph Cl, K and HCO, were all 5% higher than the venous 
plasma values, Ca and Mg 18-5 and 19% lower and Na and inorganic P 
not significantly different. Lymph glucose and VFA, which are actively 
taken up from the blood by the lactating mammary gland and were — 
identical to the average figures for this animal in Table 1, were midway 
between arterial and venous plasma levels. In other goats the lymph 
concentrations of glucose and VF'A were nearer the venous plasma figures. 


Lymph flow in anaesthetized animals 

Shorter collections (4—4 hr) were also made in 15 goats, 2 sheep and a dog 
under general anaesthesia (cyclopropane in goats and sheep, and pento- 
barbitone in the dog) mostly during the course of other experiments 
involving dissection around the mammary glands, which often reduces 
both the blood flow and rate of milk secretion (Linzell, 1960 and unpub- 
lished). Although the milk yields of the goats before the experiments were 
in the same range as those in Table 1, the rates of lymph flow during the 
experiments were much less than in the conscious animals (0-1—1-25 ml./ 
100 g/hr) and the average protein concentration was significantly higher 
(4-41 + 0-35 2/100 ml.). A smaller number of analyses showed raised levels. 
of Ca (2-2-4:5 m-equiv/l.), Mg (3-3 and 3-8 m-equiv/l.), inorganic 
(3-7-4 m-equiv/l.) and glucose (36-156 mg/100 ml.). In two experiments 
lymph K and lactate were measured at the start of perfusion of the iso- 
lated mammary gland of the goat (time between removal from the anaes- — 
thetized animal and starting the perfusion 5 and 10 min). K was initially 
_Taised to 5 m-equiv/l. and lactate to 0-9 and 1-2 m-equiv/l., but these 
quickly fell once perfusion had started to 4-6 m-equiv/l. for K and 
0-14 m-equiv/l. for lactate. Lymph flows from one mammary gland of the 
anaesthetized sheep were 1 and 2 ml./100g/hr and in the dog about 
4 ml./100 g/hr. | 

DISCUSSION 
Mammary lymph has been collected in this laboratory for two reasons. 


First, to assess the variable rates of lymph flow encountered in perfused 
goats’ udders (Cargill-Thompson et al. 1958; Hardwick et al. 1960) and 
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secondly to determine the proportion of potential milk precursors that are 
lost from the mammary glands in the lymph in conscious animals. Having 
measured the uptake quantitatively by simultaneous measurement of 
blood flow and arteriovenous differences (Linzell, 1960) it seemed necessary 
to know the quantities removed as lymph, since several workers have 
previously pointed out that this is an unmeasured source of error in work 
of this sort. 

In answer to the first problem it seems that the rate of lymph flow 
reflects the general metabolic activity of the tissue, running roughly 
parallel to blood flow and to the milk yield of each gram of tissue, and is 
thus one means of investigating the condition of glands being perfused. As 
to the second problem, it is clear that only a small proportion of milk pre- 
cursors removed from the plasma return to the circulation via the lymph. 
In many studies this factor may be ignored because the quantities in 
lymph are small in relation to the errors in measuring the mean uptake 
from the plasma (because of the high blood flow the arteriovenous 
_ differences are often small). It has been calculated from the present data 
- and those from Linzell (1960) that only 2% of the Ca removed from the 

plasma appears in the lymph and about 0-5 % of the glucose. 

One of the unexpected features of this work was the high rate of lymph 
flow from the mammary gland, which in conscious lactating animals is 
about 10 times the average flow from the thoracic duct in other animals 
(Yoffey & Courtice, 1956) and about equal to the flow of lymph from the 
liver in unanaesthetized dogs (Ritchie, Grindlay & Bollman, 1959) and 
rats (Friedman, Byers & Omoto, 1956). Unlike that from the liver, how- 
ever, the protein content at the higher rates of flow is low and is inversely 
related to the flow. Mammary lymph flows spontaneously not only in 
conscious resting animals, but in anaesthetized animals and in perfused 
mammary glands. The rate of flow, which has been found to be related to 
the rates of milk secretion and blood flow per unit volume of tissue at 
different stages of lactation, is ordinarily, like the milk yield and blood 
flow (Linzell, 1960) fairly constant in conscious animals. The greater 
variation encountered from hour to hour than from day to day may merely 
reflect the greater scatter of observations to be expected when a randomly 
varying process is sampled more frequently. The fact that the rate of 
lymph flow was not clearly related to milking (when the udder is massaged) 
or to the state of fullness with milk, conditions under which venous 
pressure variations might be expected, was surprising. However, it may 
be said that this is testimony to the remarkable adaptation of the udder 
of domesticated milking ruminants, that can hold and release the large 
quantities of milk that accumulates between milkings (up to 41. in the 
goat) whilst maintaining a constant over-all rate of metabolism. 
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The high rates of lymph flow during pregnancy were also surprising, and, 
as has already been pointed out, the amount of lymph coming from the 
_ yulva must partly account for this increase. Nevertheless, the mammary 
gland during pregnancy in these goats was considerably larger than all the 
perineal tissues and it seems likely that there was an increase in mammary 
lymph flow as well. However, there is the possibility that this could be due 
to a raised venous pressure associated with pregnancy. It has been demon- 
strated that a raised abdominal pressure, as produced by supporting the 
animal in an abdominal sling, greatly increased the lymph flow. One of the 
main veins draining the udder passes into the abdomen, through the 
- inguinal canal, where it would be subjected to raised average abdominal 
pressure and also could occasionally be mechanically compressed by the 
foetus. 

In general composition mammary lymph is similar to that from other 
organs. According to the classification of Yoffey & Courtice (1956) the 
lymph collected in this work is intermediate (i.e. lymph that has passed 
through one lymph gland only), as distinct from peripheral and central 
lymph. The numbers of lymphocytes are in agreement with the numbers 
in intermediate lymph from other regions. As would be expected according 
_ to the generally accepted theory of lymph formation, mammary lymph is 
_ lower than the plasma in Na plus K, Ca and sometimes Mg, but higher in 

(Cl and slightly higher in HCO,. In addition there is significantly less 
protein, but a greater proportion of those of smaller molecular weight 
(e.g. albumin). In conscious animals during lactation the concentration of 
those substances (glucose, VFA, amino acids) actively utilized by the 
mammary tissue lies between arterial and venous levels, but in non- 
lactating or anaesthetized animals, when the uptake is reduced, the levels 
approach arterial values as is the case with non-electrolytes in lymph 
generally. 

The lymph flow during acute experiments under general anaesthesia in — 
goats was lower than in conscious animals and there were in addition 
significant changes in lymph composition. These changes may well be due 
to the reduced blood flow following dissection around the mammary glands 
in these experiments, but general anaesthesia itself may lower the mammary 
blood flow and a lower lymph flow was also encountered in one experiment 
where only lymph cannulation was done with general anaesthesia. 

It must be pointed out that there are some significant differences between 
the composition of the lymph collected in this work from conscious goats 
and that taken from dead cows by Heyndrickx & Peeters (19584, b, 1960) 
‘and Heyndrickx (1959). There is some evidence to suggest that many of 
the differences may be due to post-mortem changes. The Belgian workers 
themselves point out that Na and K were unexpectedly higher in the 
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lymph collected after death than in plasma taken before slaughter and 


stress that their lymph had an extremely high level of lactate (about 
10 m-equiv/l.). Comparison of the present figures with their published 
findings shows,the following additional differences. In the goat lymph 
HCO, is slightly higher than in the plasma, and lymph inorganic P, Mg 
and amino acids are slightly lower than in plasma. Some of these changes 
occurred in lymph collected during acute experiments under general 
anaesthesia when the rate of lymph flow was also reduced, possibly asso- 
ciated with a reduced blood flow and relative anoxia. However, the most 
striking differences are that the K and lactate in dead cow udder lymph 
are 2 and 12 times higher than in that from conscious goats. Both these 


changes would be expected in anoxia and indeed were seen to a lesser 


degree when goats’ udders (cooled during dissection) were removed for 
perfusion, under epidural anaesthesia. This suggests that the recent 
findings of Heyndrickx & Peeters (1960), that the lymph content of lactose, 
citrate and «-oxoglutarate are higher than in plasma, may also be due to 
post-mortem anoxic changes. 

Although it may be that a knowledge of the variations in the quantities 
of metabolites in mammary lymph at different stages of lactation will 
provide clues to the type of metabolism going on at the time, it would 
seem necessary to interpret with caution the results of analyses of lymph 
taken from dead or anaesthetized animals. 


SUMMARY 


1. A method is described for the continuous collection of mammary 
gland lymph in unrestrained conscious goats. 

2. Lymph was collected for up to 17 days at the rate of 150-840 ml./day 
from one mammary gland without disturbing the animal. 

3. Mammary lymph flows spontaneously at a rate, which varies with 
the rate of milk secretion and the mean blood flow, from 0-3 to 2-71 ml./ 
100 g/hr. Daily variations in flow were 10% (s.p.) of the mean but the 
hourly variations averaged 46°. The protein concentration varies in- 
versely with the rate of flow. 

4. The composition of the lymph and its relationship to plasma are 
similar to those of lymph from other organs. 

5. Lymph flow was reduced in experiments under general anaesthesia 
and the composition altered. This is discussed in relation to the high K 


and lactate recorded by Heyndrickx & Peeters (1958) in the udder lymph 
from dead cows. _ 


I wish to thank Dr A. E. Pierce for doing the electrophoretic analyses of proteins, Dr D. C. 


Hardwick and Miss 8. M. Price for help with some of the analyses and I, R. Fleet and R. D. 
Burton for technical assistance. 


g 
an 
q 
3 B 
B 
| 


MAMMARY GLAND LYMPH 521 
REFERENCES 


Annison, E. F. (1954). Studies on the volatile fatty acids of sheep blood with special 
reference to formic acid. Biochem. J. 58, 670-680. 

Barxer, J. N. & Britron, H. G. (1957). The enzymatic estimation of 1(+)-lactic acid. 
J. Physiol. 138, 3P-4P. 

Berensxium, I. & CuHArn, E. (1938). An improved method for the colorimetric determi- 
nation of phosphate. Biochem. J. 32, 295-298. 

H. E. C., Drury, A. N., Harpwicx, D. C., J. L. & Tucker, 
BE. M. (1958). The blood flow and milk yield of goats’ udders perfused with artificial media. 
J. Physiol. 143, 74-75P. 

FaiepMan, M., Byers, 8. O. & Omoro, C. (1956). Some characteristics of hepatic lymph in 
the intact rat. Amer, J. Physiol. 184, 11-17, 

HAMILTON, P. B. & Van Styxe, D. D. (1943). The gasometric determination of free 
amino-acids in blood filtrates by the Te dioxide method. J. biol. Chem 
150, 231-250. 

Harpwick, D. C., xt, J. L. & Price, 8S. M. (1960). The rate of incorporation of *2P 
into milk and casein by the perfused udder. Biochem. J. 75, 5P. 

Heynprickx, G. V. (1959). Investigations on the lipids, proteins, lipo- and glycoproteins 
of udder lymph and plasma in cattle. Quart. J. exp. Physiol. 44, 264-270. 

Heynprickx, G. V. & Peeters, G. (1958a). Investigations on the ionic balance of udder 
lymph among cattle. Quart. s exp. Physiol. 43, 174-179. 

Heynprickx, G. V. & PEETERS, G. (19586). Investigations on the enzymes in udder lymph, 
plasma and milk of cattle. Enzymologia, 20, 161-166. 

Heynprickx, G. V. & Peeters, G. (1960). Concentration of sugars, ketone bodies and some 
organic acids in udder lymph and plasma of cattle. Biochem. J. 75, 1-3. 

Linze.1, J. L. (1959). The innervation of the mammary glands in the sheep and goat with 
some observations on the lumbo-sacral autonomic nerves. Quart. J. exp. Physiol. 154, 
160-176. 

Linzew, J. L. (1960). Mammary-gland blood flow and oxygen, glucose arid volatile fatty 
acid uptake in the conscious goat. J. Physiol. 153, 492-509. 

Netson, N. (1944). A photometric adaptation of the Somogyi method for the determination 
of glucose. J. biol. Chem. 153, 375-380. 

Rirenre, H. D., Grinpuiay, J. H. & Botiman, J. L. (1959). Flow of lymph from canine 
liver. Amer. J. Physiol. 196, 105-109. 

Somogyi, M. (1952). Notes on sugar determination. J. biol. Chem. 195, 19-23. 

Van Stryke, D. D. & Hivier, A. (1947). Application of Sendroy’s iodometric chloride 
titration to protein-containing fluids. J. biol. Chem. 167, 107-124. 

Van Styxe, D. D. & SeNDRoy, J. (1928). Line charts for graphic calculations by the 
Henderson—Hasselbalch equation, and for calculating plasma carbon dioxide content 
from whole blood content. J. biol. Chem. 79, 781-798. 

Witson, A. A. (1955). The determination of magnesium and calcium in serum or plasma 
with ethylene diaminetetra-acetic acid (EDTA). J. comp. Path. 65, 285-290. 

Yorrry, J. M. & Courtice, F.C. (1956). Lymphatics, Lymph and Lymphoid Tissue, 2nd ed. 
London: Edward Arnold. ' 


% 
; 
4 


§22 J. Physiol. (1960), 153, pp. 522-526 
With 3 plates 
Printed in Great Britain 


MOTOR INNERVATION OF EXTRAOCULAR MUSCLE 
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(Received 18 May 1960) 


_ There has been considerable interest recently in the motor innervation 
of skeletal muscle, particularly with respect to multiple innervation of 
single muscle fibres. For many muscles there exists clear histological and 
physiological evidence that individual fibres possess more than one end- 
plate (Feindel, Hinshaw & Weddell, 1952; Hunt & Kuffler, 1954). For 
many of these muscle fibres the innervation is polyneuronal, i.e. the end- 
plates are derived from different axons (Hunt & Kuffler, 1954). Regarding 
the muscle spindles, there is good evidence of polyneuronal innervation by 
small-diameter motor nerves which go exclusively to intrafusal fibres 
(Hunt & Kuffler, 1951). Larger-diameter motor nerves also innervating 
spindles have been suggested by histologists (Copper & Daniel, 1956; Boyd, 
_ 1958) and more recently by Granit, Pompeiano & Waltman (1959). 

The present study is an investigation of the motor nerve innervation 
of human extraocular muscle by means of the histochemical localization 
of cholinesterase (ChE). Since ChE is localized at sites of acetylcholine 
release at motor nerve endings in striated muscle (Koelle, 1951) the pattern 
of ChE localization will indicate motor nerve innervation of the extrafusal 
and intrafusal muscle fibres. Extraocular muscle is ideally suited for such 
astudy. Each muscle is relatively short (40 mm), easily available and has 
been studied recently in some detail (Cooper & Daniel, 1949; Wolter, 1954; 
Cooper, Daniel & Whitteridge, 1955). Each extrafusal muscle fibre extends 
the entire length of the muscle (Brown & Harvey, 1941). There are many 


muscle spindles, most numerous at the proximal end. In the region of the. 


motor nerve endings on extrafusal fibres, there are few muscle spindle 
efferent endings (Cooper & Daniel, 1949). 


METHODS 


‘Human extraocular muscle was obtained from the operating room. Fresh autopsy materia! 
was used when available. The complete muscle was placed in cold 10% neutral formalin 
for 6 hr after which frozen sections were cut 25-504 thick. These were placed in Coérs 


modification of Koelle’s incubation solution (pH 5) for 15-45 min (Coérs & Woolf, 1959). © 


The incubation solution contains copper glycine and the substrate acetylthiocholine. The 
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latter compound is hydrolysed by the ChE localized in the tissue and copper thiocholine 
is precipitated at these sites of enzyme action. This white precipitate is converted to black 
copper sulphide by treating the tissue sections with ammonium sulphide solution. The 


_ gections are washed, dehydrated and mounted. The — are taken through 


crossed polaroid unless noted 


RESULTS 


Fourteen muscles were examined including at least one specimen of each 
of the six extraocular muscles. There did not appear to be any qualitative 
differences in the sites of ChE activity among the six extraocular muscles. 


_ Consequently, the following description applies to all the muscles studied. 


Extrafusal muscle fibres. A broad band of ChE activity was localized 
in the middle two-thirds of the muscle. The typical configuration of the 
subneural apparatus of the motor end-plate (terminaisons en plaque) was 
apparent (Pl. 1, fig. 1). From two-thirds to three-quarters of the muscle 
fibres possessed two or more end-plates (Pl. 1, figs. 2-4). It was not possible 
to determine whether the multiple end-plates were from the same or dif- 
ferent nerve fibres i.e. whether the innervation was polyneuronal. About 
5-10 % of the motor end-plates were outside the main band but owing to 
the fragmentation of the muscle fibres in sectioning the tissue, one could 
not determine whether or not these end-plates were on muscle fibres. 
already innervated. 

On a number of fibres an additional small site of ChE activity was noted 
adjacent to the main end-plate configuration (PI. 1, figs. 5, 6). These small | 
sites did not appear to be part of the end-plate for they lacked the typical 
subneural apparatus structure, being only a discrete stained area. These 
sites were either single or at most double near an end-plate. | 

At the musculo-tendinous junction at either end of the muscle the 
extrafusal fibre tip stained for the presence of ChE activity (PI. 2, figs. 
7-10), this being the so-called cholinesterasic cuffs described by Couteaux 
(1953) in skeletal muscle. 

Muscle spindle. The muscle spindles were located in the proximal and 
distal portions of the muscle, being more abundant in the former. The 
ChE localized in the spindles stopped short of the band of end-plates and 


_ then continued on the other side toward, but not reaching the distal end 


of the muscle. There were two patterns of ChE localization: 

(1) Thin intrafusal fibres with discrete loci of ChE activity scattered 
along the entire length occupying peripheral sites on the fibre. In some 
sections, the entire fibre was seen and these were the only sites of ChE 


activity (Pl. 3, figs. 11-13). 


(2) Medium-sized intrafusal fibres containing both typical (albeit) small 
motor end-plates with subneural apparatus and the small discrete loci of 
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ChE sinkitie (Pl. 3, fig. 14). These fibres were not as plentiful as the thin 
fibres, but were usually located in close proximity to the latter (Pl. 3, 
figs. 15, 16). 


DISCUSSION 


Motor innervation of the extrafusal fibres. Although polyneuronal inner- 
vation has been demonstrated in the cricothyroideus, soleus and gastro- 
cnemius muscles of the cat (Hunt & Kuffler, 1954), there is no evidence that 
the multiple end-plates on extraocular muscle fibres are derived from more 
than one axon. On the contrary, Feindel et al. (1952), describing the pattern 
of innervatiou of the extraocular muscles of the rabbit and macaque 
monkey, noted a single nerve fibre giving off multiple endings along a con- 
siderable length of one muscle fibre. This arrangement appears to be 
unique to the extraocular muscles, not being seen in other muscles so far 
examined. 

Multiple innervation to solyneuronal innervation) may 
influence the rate at which tension is developed in a muscle fibre. The 
twitch tension of cat extraocular muscle reaches its maximum within 
7-5 msec (Cooper & Eccles, 1930; Hunt, unpublished observation) which 
is much more rapid than any other muscle examined. If nerve impulses 
reach endings synchronously at several sites along a muscle fibre, the con- 
tractile system would be activated simultaneously over a large portion of 
the muscle fibre. With simultaneous activation of almost the entire muscle 
fibre, tension would develop more rapidly and account for such a short 
contraction time. 

The significance of small sites of ChE activity adjacent to the motor 
end-plate on extrafusal fibres is difficult to assess on a purely anatomical 
basis. Wolter (1954) described ‘.. . vegetative nerves with loops in or out- 
side the motor plate proper’. He considered such endings parasympathetic 
nerves since they ran parallel with branches of the cranial nerves. In the 
adrenal and parotid glands, as well as in the intestine, ChE has been 
localized near post-ganglionic parasympathetic nerve endings (Koelle, 
1951). Whether the small sites of ChE activity represent this type of 
ending must await further work. 

The cholinesterasic cuffs of muscle fibres at the musculo-tendinous 
junction has been described by Couteaux (1953) for skeletal muscle. The 
significance of the enzyme activity at this location is unknown. 

Motor innervation of the muscle spindle. It is generally accepted that 
mammalian muscle spindles are innervated by gamma efferent nerve fibres 
(Kuffler, Hunt & Quilliam, 1951) and more than one gamma efferent nerve 
may terminate on the same intrafusal fibre (Barker, 1948; Hunt & Kuffler, 
1951). In addition to the gamma efferent nerves, there is evidence to suggest 
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that other efferent nerves of larger diameter than gamma efferents (Cooper 
& Daniel, 1956; Boyd, 1959) having faster conduction than that of gamma 
efferents (Granit et al. 1959; Diete-Spiff & Pascoe, 1959) also innervate 
muscle spindles. These efferent nerves may be alpha nerve fibres. On the 


basis of ChE localization, there are two types of motor nerve endings in the 


muscle spindles of skeletal muscle (Coérs & Woolf, 1959) and in human extra- 
ocular muscle spindles. The thin intrafusal muscle fibres having the ChE 
activity localized in discrete loci along the fibre may be innervated by 
gamma efferent nerves only. The larger intrafusal fibres having ChE activity 
localized at both typical end-plates and discrete loci may be innervated by 
both alpha and gamma efferent nerves, respectively. This would agree with 
Boyd’s classification of simple and compound muscle spindles in cat skeletal 
muscle (1959) and Cooper, Daniel & Whitteridge’s description of the human 
eye muscle spindle (1955). 


SUMMARY 


1, Histochemical localization of the enzyme cholinesterase (ChE) was 
utilized in studying the motor nerve innervation of human extraocular 
muscle. | 

2. Multiple motor end-plates on extrafusal fibres were demonstrated 
and their significance discussed. In addition, smaller sites of ChE activity — 
near the motor end-plate were described. The possibility of these sites 
representing post-ganglionic parasympathetic efferent nerve endings was 
mentioned. Cholinesterasic cuffing at the ends of the extrafusal fibres at. 
the musculo-tendinous junction was also noted. 

3. On the basis of the ChE localization in muscle spindles, there appear 
to be two types of motor nerve endings. It is suggested that both the alpha 


_ and gamma efferent nerve fibres can innervate some intrafusal fibres while 


others are innervated by gamma efferent nerves only. 
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EXPLANATION OF PLATES 
All photomicrographs are from human extraocular muscle stained for the presence of 


cholinesterase (ChE) activity. Crossed polaroid prisms were used for all photomicrographs 
except for Figs. 11, 12 and 15 of Pl. 3. All scales = 100 yp. 


PLATE | 
Longitudinal sections of extrafusal muscles fibres showing the localization of ChE at the 


motor end-plates and in adjacent small loci. (MEP, motor end- plate; L, small locus of ChE 
activity on extrafusal muscle fibre). 


Fig. 1. Motor end-plates with the subneural apparatus containing the ChE. 

Figs. 2-4. Multiple motor end-plates on indiyidual extrafusal muscle fibres. 

Figs. 5, 6. A small locus of ChE adjacent to an end-plate on the extrafusal muscle fibres. 
PLATE 2 

Longitudinal sections of the musculo-tendinous junction showing the cholinesterasic cuffs 

on the ends of the extrafusal muscle fibres. (T, tendon; M, muscle.) 
PLATE 3 

Longitudinal sections (except Fig. 15) of muscle spindles showing the two types of ChE 


localization on intrafusal muscle fibres. (MEP, motor end-plate; 1: small loci of ChE on 
intrafusal muscle fibres). 


Figs. 11, 12. Small loci of ChE scattered along the intrafusal muscle een: 


_ Fig. 13. The entire intrafusal muscle fibre with small loci of ChE is shown between the 


two arrows. 


Fig..14. A muscle spindle with typical motor end-plates and small loci of ChE on adjacent 
intrafusal muscle fibres. 


Fig. 15, A teased preparation of a muscle spindle showing an intrafusal muscle fibre with 


both typical motor end-plates and small loci of ChE. 


Fig. 16. Motor end-plates and small loci of ChE appear on the same intrafusal muscle 
fibre. 
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During a previous investigation (Dawes, Mott & Shelley, 1959), the 
carbohydrate content of various tissues from foetal lambs just over half- 
way through gestation was determined for comparison with that of foetuses 
near term. The carbohydrate concentrations in the heart, liver, lungs and 
skeletal muscle were very different in the two groups, and the work has 
now been extended to include lambs of earlier and intermediate ages so 
as to follow the changes in carbohydrate concentration throughout the 
last two-thirds of gestation. Large amounts of glycogen were laid down 
towards the end of gestation, not only in the liver but also in skeletal 
muscle, and measurements of tissue carbohydrate have been made in 
new-born and infant lambs of up to 17 days old so as to determine its fate 
after birth. The lamb is relatively mature at birth and exceptionally active, 
and the results suggest that both the liver and the skeletal muscle carbo- 
hydrate constitute carbohydrate reserves for use in the first 24 hr of extra- 
uterine life. The rhesus monkey is also fairly mature at birth, and estimates 
of tissue carbohydrate have been obtained in this species during the last 
third of gestation and in infant monkeys 8-15 days old. This paper com- 
pares the results obtained on lambs and monkeys with those in other 
Species and discusses their possible significance. A preliminary account 
of this work has already been published (Shelley, 1960). 


METHODS 
Experimental procedure and animals 


Foetal lambs. Observations have been made on forty-six foetal lambs (gestation age 
58-146 days) from twenty-four cross-bred ewes; eight ewes carried single lambs, eleven 
carried twins, four carried triplets and one ewe carried quadruplets and developed signs of 
pregnancy toxaemia a few days before the experiment. 

The lambs were delivered by Caesarean section under chloralose or pentobarbitone 
anaesthesia and were left attached to the ewe, care being taken to avoid stretching or 
compressing the umbilical cord. A foetal blood sample (0-8 ml.) was taken into a 1 ml. 
syringe, the dead space of which had been filled with 0-4% heparin in sodium fluoride 
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solution 8 °% (w/v), either from an arterial catheter or from the heart. A maternal blood 
sample had usually been taken a few minutes earlier by direct jugular puncture before 
anaesthesia or from a catheter in a forelimb artery after beginning anaesthesia. Foetal! 
tissue samples (100-200 mg) were taken as soon as possible after delivery. In nine experi- 
ments the order of sampling was: skeletal muscle (lateral aspect of thigh), liver, lung (apex 
of left upper lobe), heart (apex of ventricles), cerebral cortex and kidney cortex. Brain and 
kidney samples were not taken from the remaining foetuses and in ten experiments the 
order of sampling was varied; the time interval between sampling different tissues did not 
exceed 2 min and the order of sampling did not appear to affect the results, though, since 
cardiac glycogen is very readily depleted in anoxia, it was considered advisable to sample 
the heart first. Samples of one or two tissues only were taken from each of another eleven 
lambs and blood samples only from the remaining sixteen since these were later asphyxiated 
by tying the umbilical cord and could not then be regarded as normal material (Dawes et al. 
1959). In eight experiments blood and tissue samples were not obtained until at least one 
- sibling had been asphyxiated, but during this period (1-2 hr) the lamb had remained in 
utero. 

At the end of each experiment the foetus was weighed. Individual organs, including total 
skeletal muscle, were also weighed in nine experiments on lambs of 85-138 days gestation 
age; the results obtained, when expressed as percentage of body weight, were similar to 


those of Carlyle (1948) and Wallace (1948) and their data were therefore used to calculate 


the organ weights in the remaining foetuses. 

Infant lambs. Venous blood and tissue samples were obtained from six lambs 2}~—24 hr 
after normal delivery and from nine lambs 5-17 days old, all under pentobarbitone anaes- 
thesia. Individual organs and total skeletal muscle were weighed in all experiments but one. 
Blood samples and skeletal muscle (usually semitendinosus) only were also taken from seven 
lambs under chloralose anaesthesia and from three lambs under local anaesthesia (xylocaine) 
at ages varying from 3 hr to 12 days after birth. In three other experiments muscle and 
blood samples were taken from the same lamb at different. ages under local anaesthesia, 
final samples being obtained under chloralose anaesthesia. The lambs included four single- 
tons, two from different sets of twins, seven complete sets of twins, two from one set of 


triplets and two complote sets of triplets. They had been housed in unheated premises with 


their dams up to the day of the last sample and were usually weighed on the day of the 
experiment. 

Monkeys. Blood and tissue samples were obtained from twelve foetal rhesus monkeys 
(gestation age 115-158 days) and from three of their mothers, from seven infant monkeys 
(8-15 days old) hand-reared at 30° C and from two adolescent monkeys (1-2 years old), all 
under pentobarbitone anaesthesia. Blood samples were obtained from the foetal and six of 
the infant monkeys 1-2 hr after anaesthesia and tissue samples after 2-4 hr anaesthesia; 
these monkeys were being used for other studies: (Dawes, Jacobson, Mott & Shelley, 1960), 
hence the delay. However, in all twelve foetal experiments the blood samples were taken 
while the foetus was still in utero (either from a leg withdrawn through a small uterine incision 
or from a carotid artery dissected in u ro). In seven experiments the foetus was retained 
in utero throughout, and the tissues were sampled immediately after delivery by Caesarean 
_ Section, while the foetus was still in good condition and attached to the mother by the um- 
bilical cord; in one experiment the tissues were sampled 30 min after delivery but with the 
cord still intact, and in four others the foetuses (116-145 days gestation age) were deliberately 
asphyxiated by clamping and dividing the umbilical cord after delivery. Samples were also 
obtained, without anaesthetic, from a thirteenth foetus (gestation age 117 days) which had 
been born vaginally in a partially asphyxiated state. Two of the infant monkeys had been 
made anoxic by giving them 100 % nitrogen to breathe and one infant was apnoeic for about 
, 2min shortly before the tissues were sampled. The adult monkey tissues were sampled 
after 4-5 hr of anaesthesia but samples were obtained from the adolescent monkeys and the 
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15-day-old infant within a few minutes of inducing anaesthesia. All the monkeys were 
singletons. 

The sites of tissue sampling were similar to those described for lambs, except that biceps 
muscle was taken from the vaginally-born foetal monkey. Blood samples were taken from 
arterial catheters in the foetuses and two infants, from venous catheters in two infants, 
direct from the short saphenous vein in the adults, and direct from the heart in the adolescents 
and oldest infant. Total body weight and organ weights (liver, lungs and heart) were 
obtained for all the foetal monkeys, six infants and two adults. 


Biochemical and histological methods 

Blood. 0-2-0-5 ml. was deproteinized with NaOH and ZnSO, and the extract (dilution 
lin 10) was used for the determination of glucose (Huggett & Nixon, 1957), fructose (Bacon 
& Bell, 1948) and lactate (Barker & Summerson, 1941), except that in the sheep experiments 
lactate determinations were made on trichloroacetic acid extracts of blood. 

Tissues. The tissue samples were divided into two equal portions. Within 10—20 sec of 
removal one portion was placed in McClung’s picric acid-dioxane fix No. 2 (Cowdry, 1948), 
and was subsequently stained for glycogen by Best’s carmine method, and the other was 
placed in 1-0 ml. deproteinizing solution (5 % trichloroacetic acid containing Ag,SO, 200 mg/ 
100 ml.) in a weighed glass receptacle. This was reweighed immediately and the tissue 
was then chopped up finely with scissors and homogenized in a Potter—Elvehjem homo- 
genizer. The homogenate was diluted to 5 ml. with deproteinizing solution, heated for 15 min 
in a boiling water-bath, cooled and centrifuged. The volume of the supernatant was adjusted 
to 5 ml. and was used for the determination of total carbohydrate, i.e. glycogen + glucose + 
fructose (Kemp & Kits van Heijningen, 1954; Mendel, Kemp & Myers, 1954), fructose and 
lactate. 


RESULTS 


Term occurs at about the 147th day of gestation in sheep and the 168th 
day in rhesus monkeys. Thus there is comparatively little difference in the 
length of the gestation period, and in Figs. 1 and 3-7 the results have 
been plotted against the number of days before term rather than against 
gestational age, since this made possible a closer comparison between the 
. Species. Lactate determinations were made on most of the blood and tissue 
samples as a check on the _— of hypoxia produced by the experimental 
conditions. 


Blood sugars 

Glucose. In Fig. 1 the blood glucose concentration has been plotted 
against age for lambs (©) from 58 to 138 days gestation age (89-9 days 
before term) and 24 hr to 17 days after birth, and for monkeys (@) from 
115 to 158 days gestation age (53-10 days before term) and 8-15 days 
after birth. Figure 1 includes not only results from the unasphyxiated 
foetl lambs which were used for the present tissue-carbohydrate study 
but slso those obtained under similar conditions from their siblings before 
these were asphyxiated (see Methods) ; the values shown for foetal and infant 
monkeys were also obtained before any were made anoxic. It can be seen 
that in general the foetal blood glucose level was lower in the lambs than 
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in the monkeys and that there was no change with increasing gestational 
age in either species, though there was a wide scatter in both species, 
3-32 mg/100 ml. in the lambs and 20-36 mg/100 ml. in che monkeys, In 
the lambs this scatter existed among litter-mates and was partly associated 
with the order of delivery and the duration of the experiment, since, in 
thirteen of fifteen experiments on sheep with multiple pregnancies, the 
foetal blood glucose was lower in the second or third members of sets of 
twins or triplets than in that delivered first. This difference was slight, less 
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Fig. 1. Changes in blood glucose concentration with age in foetal and infant lambs 
(©) and monkeys (@). The results have been plotted against days before term 
for the foetuses and days after birth for the infants; the vertical line represents 
the time of birth. 


than 2 mg/100 ml., when the foetuses were delivered within 20 min of 
each other but was sometimes considerable (5-10 mg/100 ml.) when the 
time interval was longer. The very low levels, less than 8 mg/100 ml., were 
all observed in foetuses from multiple pregnancies delivered after severa!| 
hours anaesthesia. 

Since it is known that anoxia affects the blood glucose level in foetal 
lambs and monkeys (Dawes et al. 1959; 1960), and since hypoxia is easy 
to produce unintentionally under these conditions, the lactate content of 
the foetal blood samples was considered in relation to their glucose content. 
Although, in the foetal monkeys, the highest blood glucose levels were 
associated with relatively high lactate levels which had decreased an hour 
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ater, in all but one the lactate levels were less than 20 mg/100 ml., similar 
to those observed in the well-oxygenated infant monkeys, and were asso- 
ciated with O, saturations of 54-77 % (Dawes et al. 1960, Table 1). Thus the 
degree of hypoxia, when present, was slight, possibly because these blood 
samples had been taken while the foetus was still in utero. In the foetal 
lambs the blood samples had been taken after delivery, though with the 
umbilical cord intact, and the lactate levels were rather higher than in the - 
monkeys. Nevertheless, in all but four of the younger lambs (up to 91 days 
gestation age), the blood lactate was less than 30 mg/100 ml. and in only 
two was there more than 40 mg/100 ml. In the older lambs (111-146 days 
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Fig. 2. Foetal blood glucose plotted against maternal blood glucose 
in lambs (©) and monkeys (@). 


gestation age) evidence of hypoxia was present more often, and in all but 
three the blood lactate was more than 30 mg/100 ml. However, there was 
no correlation between blood lactate and glucose in the lambs, perhaps 
because in this species anoxia has a relatively slight effect on foetal blood 
glucose (Dawes ét al. 1959). Only in two lambs (146 days gestation age) 
with blood lactates of 80-90 mg/100 ml. and blood glucose levels of 23— 
25 mg/100 ml. was there evidence of hyperglycaemia associated with a 
high blood lactate; a third foetus (127 days gestation age) with a blood 
lactate of 79 mg/100 ml. had a blood glucose of only 14 mg/100 ml. 
A much younger foetus (71 days gestation age) with the exceptionally 
high blood glucose of 32 mg/100 ml. had a blood lactate of only 27 mg/ 
100 ml. 


_ Since the wide scatter in foetal blood glucose levels could not be corre- 
lated with blood lactate, it was next examined in relation to maternal 
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blood glucose. Figure 2, in which foetal blood glucose has been plotted 
against the corresponding maternal level, shows that there is a close 
relationship, the foetal blood glucose being maintained. at about half the 
maternal level in both species. The relatively high blood glucose levels of 
23-32 mg/100 ml. observed in three lambs were associated with the three 
highest maternal blood glucose levels of 47-65 mg/100 ml. and were 
within the same range as the monkeys. Moreover, since in the sheep the 
maternal blood glucose nearly always fell by 4-17 mg/100 ml. during the 
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Fig. 3. Changesin blood fructose concentration with age in foetal and infant lambs (O) 


and monkeys (@). Conventions as for Fig. 1. 


experiment, this would explain the low blood glucose levels observed in 
the second or third members of sets of twins or triplets and their inverse 
relationship to the period of anaesthesia. 

Figure 1 also shows that the blood glucose in the infant lambs and 
monkeys was higher than in the foetuses. In five lambs the blood glucose 
was 48-65 mg/100 ml. within 24hr of birth, but nine lambs less than 
24 hr old had levels below 35 mg/100 ml., all but one lamb 2—7 days old 
had blood glucose levels of 29-49 mg/100 ml., and the older lambs had 
levels of 40-66 mg/100 ml. This suggests that the blood glucose was rising 
steadily over the first 10-15 days after birth and this was supported by 
observations on individual lambs. Thus in three experiments where samples 
were taken from the same lamb at different ages, the mean blood glucose 
levels on the first, third and twelfth days after birth were 21-5, 42-3 and 
61-5 mg/100 ml. Although the blood glucose level in the foetal monkeys 
was about twice that in the foetal lambs, the levels in the infant monkeys 
8-12 days old were usually lower than in lambs of the same age and were 


ve 
we 

4 
or 
| an 
ra 
eit 
ler 
M 

se 

lo 
D: 
m 

Pp 
H 
th 
of 
| de 
| 
t 

| 0 
8p 

0 
th 

f 
ge 
ol 
T 
Or 

t 


FOETAL CARBOHYDRATE 533 


similar to those observed in the adult pregnant monkeys (Fig. 2). Higher 
yalues, 85-90 mg/100 ml., were observed in the 15-day infant and the — 
adolescent monkeys but these could have been due to excitement, as there 
was some delay between catching the monkeys and taking the samples. 
Fructose. In confirmation of Hitchcock (1949), Barklay, Haas, Huggett, 
King & Rowley (1949) and Huggett, Warren & Warren (1951), the blood 
fructose level in the foetal lambs was very much higher than either the foetal 
or maternal blood glucose; it declined slowly with increasing gestational age 
and fell to very low values within a few hours of birth (O, Fig. 3). The wide 
range of blood fructose values at any given age could not be correlated with 
either foetal blood lactate or maternal blood glucose, though the lowest 
_ level recorded, 8 mg/100 ml. at 138 days gestation age, was associated 
with the exceptionally low maternal blood glucose of 8 mg/100 ml. 
Moreover, it was frequently observed that the blood fructose levels in the 
second and third members of sets of twins and triplets, sampled after a 
longer period of anaesthesia, were higher than in the first. Chinard, 
- Danesino, Hartmann, Huggett, Paul & Reynolds (1956) have shown that 
there are negligible amounts of fructose in the blood of foetal rhesus 


monkeys; none was detected in the blood of two foetal monkeys in the 


present series (117 and 148 days gestation age, @, Fig. 3). 


Tissue carbohydrate 


The method used to measure tissue carbohydrate (Kemp & Kits van 
Heijningen, 1954), gives an estimate of the total carbohydrate present, 
the chief constituents of which are glycogen, glucose and fructose (Mendel 
e al. 1954). The fructose content of the tissues from foetal lambs was 
determined separately but, as indicated earlier (Dawes et al. 1959), the 
amounts present, less than 2 mg/g, were usually negligible compared to 
the total carbohydrate; and since fructose was not detected in the blood 
of the foetal monkeys, it was assumed that the tissue fructose in this 
species would be even lower than in the lambs. Histological examination 
of the tissues suggested that their glycogen content was proportional to 
their total carbohydrate and it is therefore probable that the changes shown 
in Figs. 4-7 took place mainly in the glycogen fraction. 

Liver, Figure 4 shows the changes in liver carboeydrate with age in 
foetal and infant lambs (©) and monkeys (@). Lambs of 58-90 days 
gestation age (89-57 days before term) had relatively little liver carbo- 
hydrate, less than 14 mg/g, but thereafter there was a rapid increase, levels 
of 60 and 98 mg/g being observed in two lambs at 138 days gestation age. 
The lowest values, less than 8 mg/g at 62-56 days before term, were all 
obtained from lambs with a low blood glucose after several hours anaes- 
thesia; it was observed that their siblings, sampled earlier, usually had 
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slightly more liver carbohydrate even though they had been asphyxiated 
by tying the umbilical cord (Dawes et al. 1959). The results obtained from 
the foetal monkeys suggest that, as in the lambs, liver carbohydrate is 
high (more than 60 mg/g) by the 115th day of gestation, but since the 
gestation period is about 21 days longer than in the sheep the level is very 
much higher than in lambs at this time interval (53 days) before term. 
The data obtained from the infant lambs suggest that liver carbohydrate 
falls to less than 20 mg/g within a few hours of birth but is rising again 
towards the adult level by 5 days of age. The values obtained from the 
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Fig. 4. Changes in liver carbohydrate with age in foetal and infant lambs (0) 
and monkeys (@). Conventions as for Fig. 1. 


infant monkeys are probably low, since they were obtained after a 2-3 hr 
experiment during which a hyperglycaemia of +37-—62 mg/100 ml. had 
occurred, but they suggest that, in this species, liver carbohydrate may 
rise very steeply at 8-15 days after birth and may regain the foetal level. 
Liver carbohydrate levels of 21 and 25 mg/g were observed in the adolescent 
monkeys and 34 and 46 mg/g in two of the adult pregnant monkeys; the 
third adult was discovered at autopsy to have a severe chronic respiratory 
infection, was in poor condition and had a liver carbohydrate of only 
8-5 mg/g. 

Data from lambs and monkeys where there was evidence of hypoxia 
(high blood lactates and liver lactates of more than 0-8 mg/g in lambs and 
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more than 0-4 mg/g in monkeys) have been excluded, since in these animals, 
all in the last third of gestation, the liver carbohydrate was usually low 
compared with the values in Fig. 4. Thus two lambs (127 and 146 days 
gestation age) with blood lactates of 80-90 mg/100 ml. had liver carbo- 
hydrates of only 13-0 and 16-3 mg/g, even lower than the values of 26- 
45 mg/g observed in lambs of this age asphyxiated by tying the umbilical 
cord (Dawes e¢ al. 1959). Similarly three foetal monkeys (one from the 
adult with a respiratory infection, one where the mother had had an 
apnoeic episode and the one born vaginally at 117 days gestation), where 
there was evidence of hypoxia, had liver carbohydrates of 24-42 mg/g, 
whereas those asphyxiated deliberately by dividing the cord had liver 
carbohydrates of 41-73 mg/g; a fourth monkey (No. 110, Dawes et al. 
1960), where the cord was divided after a long period of hypoxia, had a 
liver > ein Riad of only 15 mg/g. The two infant monkeys breathing 
100% nitrogen had terminal liver carbohydrate levels of 37 and 53 mg/g, 
Guiles to values observed in unasphyxiated infants of the same age. 

Liver fructose fell slightly with increasing age; it was 1-6 mg/g in two 
lambs of 89 and 91 days gestation age and 0-5—1-3 mg/g in four lambs of 
126-138 days gestation age. 

Lungs. Dawes et al. (1959) found that the lung carbohydrate in lambs 
asphyxiated by tying the umbilical cord was of the same order as that in 
their unasphyxiated siblings, and a similar conclusion was reached in the 
work on foetal and infant monkeys (Dawes et al. 1960). Although the 
values shown in Fig. 5 for foetal lambs were all obtained from unasphyxi- 
ated animals, the number of unasphyxiated monkeys available was small 
and Fig. 5 shows results obtained on both asphyxiated and unasphyxiated 
monkeys. In the foetal lambs (©), lung carbohydrate rose from less than 


15 mg/g at 58-71 days gestation age (89-76 days before term) to peak 


values of 16-27 mg/g at 85-109 days gestation age, after which it declined 
rapidly to less than 6 mg/g near term. High values, 14-19 mg/g, were 
observed in the foetal monkeys (@) at 115-117 days gestation age and 
there was a rapid decline to less than 8 mg/g at approximately the same 
time interval before term, as in the lambs, though at a slightly older 
gestational age. The lung carbohydrate concentration in the 5-17-day-old 
lambs and the infant monkeys was even lower, less than 4 mg/g, and values 
of 0-7-1-7 mg/g were observed in the adolescent and adult monkeys. 

In the lambs lung fructose fell from 1-2 mg/g at 61-91 days gestation 
age to 0-5—1-1 mg/g at 126-138 days gestation age. 

Heart. Figure 6 shows that the lambs (©) of less than 100 days gestation 
age (more than 47 days before term) had cardiac carbohydrates of 20- 
40 mg/g with a peak value at about 91 days gestation age; after this there 
was a decline to 14-22 mg/g nearer term, 11-21 mg/g in the new-born 
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lambs and 6-11 mg/g in the older lambs. A similar decline was observed 
in the monkeys (@) where the level was 23-5 mg/g at 115 days gestation 
age (53 days before term), 10-19 mg/g nearer term and 4-5 mg/g in the 
infants and adults. Since it is known that cardiac glycogen is very rapidly 
depleted in anoxia (Dawes et al. 1959, 1960), care has been taken to exclude 
from Fig. 6 all data where there was evidence of hypoxia. The lambs 
included in Fig. 6 had blood lactates of less than 42 mg/100 ml. (in all but 
two they were less than 30 mg/100 ml.) and all but one monkey had blood 
lactates of less than 20 mg/100 ml. The cardiac lactate concentration was 
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Fig. 5. Changes in lung carbohydrate with age in foetal and infant 
lambs (©) and monkeys (@). Conventions as for Fig. 1. 


0-4-1-6 mg/g in the lambs (less than 1-0 mg/g in all but two) and 0-7- 
1-3 mg/g in the monkeys. | 

Cardiac fructose was 1-1—1-2 mg/g in the younger lambs and 0-3—-0-8 mg/g 
in lambs nearer term (126-138 days gestation age). 

Skeletal muscle. Like lung carbohydrate, skeletal muscle carbohydrate 
is relatively unaffected by acute asphyxia in either lambs or monkeys 
(Dawes et al. 1959, 1960) and therefore Fig. 7, like Fig. 5, includes results 
from both asphyxiated and unasphyxiated monkeys, though those shown 
for lambs (©) were all obtained from unasphyxiated animals. In lambs of 
less than 90 days gestation age (more than 57 days before term) the muscle 
carbohydrate was less than 14 mg/g, but thereafter it increased rapidly 
and lambs of more than 100 days gestation age had muscle carbohydrates 
of 20-47 mg/g. Similarly, the monkeys (@) had muscle carbohydrates 
below 20 mg/g at 51-53 days before term, but nearer term the level in- 
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ereased to 19-34 mg/g; thus the increase in muscle carbohydrate occurred 
at approximately the same time interval before term as in the lambs, but 
at a slightly older gestational age. The wide scatter in the older lambs 
existed not only among individuals from different ewes but also between 
litter-mates. In general, comparing lambs or monkeys of the same age, 
those with a high muscle carbohydrate tended to have higher carbohydrate 
levels in the other tissues, though there was no correlation with blood 
glucose concentration. It is noteworthy that the four lambs (gestation 
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Fig. 6. Changes in cardiac carbohydrate with age in foetal and infant lambs (0) 
and monkeys (@). Conventions as for Fig. 1. 


age 140 days) from the ewe with pregnancy toxaemia had muscle carbo- 
hydrates within the normal range. | 
Figure 7 also illustrates the dramatic fall in muscle carbohydrate which 
occurred in the lambs after birth. In lambs 3-12 hr old it had already fallen 
to 11-27 mg/g and lambs more than 24 hr old had muscle carbohydrates 
of only 7-15 mg/g, similar to values obtained by the same method in 
adult sheep (Shelley, unpublished). In the three experiments where muscle 
biopsy samples were taken from the same lamb at different ages, the mean 
values observed on the first, third, seventh and twelfth days after birth 
were 19-6, 9-7, 11-7 and 10-9 mg/g and one of these had a muscle carbo- 
hydrate of only 7-1 mg/g 41 days after birth. Whereas one lamb from a 
set of triplets had a muscle carbohydrate of 26-8 mg/g 5 hr after birth, its 
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litter-mates had less than 8 mg/g on the third and fourth days after birth. 
The extremely low value of 2:3 mg/g was obtained from one 9-day-old 
lamb and is of interest because this lamb was in poor physical condition 
with signs of muscular weakness. With one exception the 8-15-day-old 
monkeys had muscle carbohydrates within the same range as lambs of this 
age, slightly higher than the values of 5-9 mg/g observed in the adolescent 
and adult monkeys. The one exception (No. 101, Dawes et al. 1960), where 
the level was 18-6 mg/g 12 days after birth, is noteworthy in that this 
monkey had been born prematurely at 150 days gestation age and, though 
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Fig. 7. Changes in skeletal muscle carbohydrate with age in foetal and infant 
lambs (©) and monkeys (@). Conventions as for Fig. 1. 


in good condition, was smaller and possibly less active than the other — 


infants. Thus in the monkeys, as in the lambs, muscle carbohydrate 
probably fell after birth. | 

Skeletal muscle fructose was 1-1—1-5 mg/g in the younger foetal lambs, 
0-3-0-9 mg/g in lambs of 126-138 days gestation age and less than 0-3 mg/g 
in two lambs 3 and 10 hr after birth. 

Other tisswes. There was no change in either brain or kidney carbohydrate 
with increasing age in the foetal lambs. Thus the range for brain carbo- 
hydrate was 0:5-1-4 mg/g in lambs of 83-91 days gestation age and 0-5- 
1-6 mg/g at 111-146 days gestation age; the corresponding values for 
brain fructose were 0-4-0-6 mg/g and 0-3-0-6 mg/g in the two groups. 


| un 
14 
| tis 
| 
| lu 
of 
or 
we 
su 
| the 
for 
sm 
ca 
liv 
co 
Co 
the 
} wh 
mo 
blo 
en 
| wa: 
ma 
of 
ges 
an 
in 
} wa: 
ten 
dis 
old 
the 


FOETAL CARBOHYDRATE 539 


Slightly higher values were obtained for kidney carbohydrate, 2-8-4-6 mg/g 
in the younger lambs and 3-5—5-8 mg/g in the older lambs; the corresponding 
fructose concentrations were 0-9-1-7 mg/g and 0-6-2-0 mg/g. 

Placental carbohydrate in the rhesus monkey probably falls in the last — 
third of pregnancy, since there was 8-2 mg/g in the placenta from. the one 
_unasphyxiated foetus at 115 days gestation age and only 0-6-2-6 mg/g at 
140-158 days gestation age. In one ewe at 144 days gestation age, where 
tissue samples were taken from various parts of the placenta, there was a 
mean carbohydrate concentration of 3 mg/g with 4:2 mg/g in the endo- 
metrium (H. B. Parry and H. J. Shelley, unpublished). 

Total body carbohydrate. The total carbohydrate. content of the liver, 
lungs, heart, skeletal muscle, brain and kidneys and the glucose content 
of the blood were calculated for each of nine foetal lambs from either known 
or calculated organ weights, taking the blood volume as 11-15% of body 
weight depending on gestational age (Carlyle, 1948; Wallace, 1948). The 
sum of these values gave an approximate figure for total body carbo- 
hydrate, since it is probable that these tissues contain the greater part of 
the carbohydrate present. In practice, since skeletal muscle accounted 
for 22-52 % of the body weight as compared to 2-9 % for the liver and even 
smaller percentages for the other organs, it was found that skeletal muscle — 
carbohydrate accounted for 67-92° of the total body carbohydrate, 
liver carbohydrate for up to 30° and the other tissues for only 2-3 %, the 
contribution of the brain and kidneys being negligible, less than 1%. 
Comparable values for total body carbohydrate were therefore obtained for 
the other foetal lambs, the infant lambs, and the foetal and infant monkeys 
where brain and kidney carbohydrate had not been measured; in the 
monkeys total skeletal muscle mass was taken as 30°, of body weight and 
blood volume as 10% for foetal monkeys and 6% for infant monkeys 
(Gregersen, Sear, Rawson, Shu Chien & Saiger, 1959). However, it must be 
emphasized that because these calculations assume that the carbohydrate 
was distributed evenly in each tissue, the values obtained are only approxi- 
mations. Since skeletal muscle carbohydrate formed such a large percentage 
of the total, its distribution was investigated in two foetal lambs (127 days 
gestation age) in each of which samples from 11 different muscles were 
analysed ; the variation from muscle to muscle was considerable, 14-40 mg/g 
in one lamb, 21-42 mg/g in the other, but in both lambs the mean value 
was more than 30 mg/g and was similar to the concentration in the semi- 
tendinosus, the muscle usually taken for analysis. Muscle carbohydrate 
distribution was also investigated in fourteen infant lambs 2} hr-17 days 
old, in each of which samples from at least five muscles were analysed; 
again, the concentration in the semitendinosus did not differ greatly from 
the mean. 
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These calculations revealed several points of interest. First, with the 
increase in weight of the foetal lambs from less than 100g at 58 days 
gestation age to 549-1108 g at 85-91 days gestation age there was a 
proportional increase in total body carbohydrate from less than 0:5 g/ 
foetus to 3-6 g/foetus. Thereafter, however, mainly owing to the large 
increase in liver and skeletal-muscle carbohydrate, the total body carbo- 
hydrate increased out of all proportion to body weight, to 29-38 g/foetus in 
lambs weighing 2:3-4-4 kg at 126-146 days gestation age. Calculated in 
terms of body weight, the total carbohydrate content of the foetal lambs 
increased from 5-7—8-8 g/kg (mean 7-5 g/kg) at 58-91 days gestation age to 
7-1-14-1 g/kg (mean 10-6 g/kg) at 103-146 days gestation age. 

Secondly, considering those tissues where there was a decrease in carbo- 
hydrate concentration in the last third of gestation, whereas in the lungs 
there was a decrease in the total amount present, from 559-1420 mg in 
lambs of 85-109 days gestation age to 162-530 mg at 111-146 days gesta- 
tion age, in the heart the i increase in weight more than made up for the 
decrease in cardiac carbohydrate concentration and the total cardiac 
carbohydrate increased from 133-161 mg in lambs of 85-91 days gestation 
age to 305-395 mg at 103-146 days gestation age. : 

Thirdly, although the foetal monkeys were only a tenth of the weight 
of the mature foetal lambs and their absolute carbohydrate content was 
therefore very much smaller, when expressed per kilogram body weight 
their total body carbohydrate was almost identical with that of the lambs. 
Thus the level was 7-7 g/kg in the unasphyxiated monkey at 115 days 
gestation age but had increased to 9-0—-12-6 g/kg (mean 10-5 g/kg) at 


140-158 days gestation age. As in the lambs, the total lung carbohydrate 


decreased with increasing gestational age but, in contrast, there was no 
change in total cardiac carbohydrate. 


Finally, the changes occurring after birth were of particular interest. 


Table 1 gives the mean absolute values for skeletal muscle, liver and total . 
body carbohydrate in the mature foetal and the younger infant lambs . 


and monkeys and, by subtraction, the mean differences in tissue carbo- 
hydrate between the foetuses and infants of each species. The infants of 
both species were directly comparable with the mature foetuses since 
little gain in weight had occurred within the first 24 hr of birth in the 
lambs or 8-10 days in the monkeys (Dawes et al. 1960). The results from 
one 2}-hr-old lamb, born prematurely at 142 days gestation age, have been 
omitted, since in this lamb the liver and muscle carbohydrate were still 
within the foetal range (Figs. 4 and 7). Since the skeletal muscle carbo- 
hydrate represented 80°, of the total carbohydrate in the mature foetal 
lambs and 76% of that in the foetal monkeys, and since the amount 
present in the infants was only 48-58 % of that in the foetuses, the decrease 
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in muscle carbohydrate after birth represented a loss of 42% of the total 
foetal carbohydrate in the lambs and 32% in the monkeys and was 
considerably greater than the total carbohydrate content of the liver, 


2-4 times the foetal liver carbohydrate in the lambs and 1-5 times that in 


the monkeys. This suggests that the foetal skeletal muscle carbohydrate 
in these two species constitutes a carbohydrate store about half of which 
is used up shortly after birth, and that quantitatively it is probably more 
important than liver glycogen. Table | also emphasizes even further the 
similarity between the lambs and monkeys, since the decrease in total 


TaBLe 1. Total body carbohydrate in mature foetal and infant seis and 
rhesus monkeys 


Tissue carbohydrate 
(g/foetus or infant) Total 
No. of Other. (g/footus (g/kg 
animals Muscle Liver tissues or infant) body wt.) 
Lambs: 
’ Foetus, 126-146 days 5 28:7* 64 08 35-9 10-3 
gestation age 
Infant, hr after pirth 5 13-6 = 0-7 154 
Difference 15-1 5:3 0-1 6-2 
Monkeys: | | | 
Foetus, 140-158 days 6 31 O1 4-1 
gestation age 
Infant, 8-10 days after 5 1-8 0-6 0-1 2-5 4-4 
birth 
Difference 1:3 0-3 0 6-1 


‘The mean total body carbohydrate has been calculated in two ways: (1) in g/foetus or 
infant as the sum of the mean values for each tissue, and (2) in g/kg body wt. from the 
total body carbohydrate for each animal. * Mean of 9 observations; + mean of 11 observa- 
tions. 


carbohydrate in g/kg body weight and the final levels reached-in the infants 
were almost identical in the two species; the final levels (4-1 and 4-4 g/kg) | 
were considerably lower than any observed in the foetuses. 
_ However, the lambs and monkeys did differ considerably in their rates of | 
growth after birth. Whereas the lambs had almost doubled their birth 
weight within 8-10 days of birth and had quadrupled it by the middle of 
the third week, the monkeys were only about 25% heavier by 8-10 days 
of age (Dawes et al. 1960) and would have been only 30-40% heavier by 
the middle of the third week (H. N. Jacobson, personal communication). 
Since in both species the various organ weights increased in roughly the 
same proportion as total body weight, it can be seen that in the lambs, 
although the carbohydrate concentration in the skeletal muscle and liver 
did not regain the foetal level, the. total amount laid down very soon 
exceeded that present in the mature foetus. It is possible that the much 
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steeper rise in liver carbohydrate concentration and its restoration to the 
foetal level in the infant monkeys (@, Fig. 4) was associated with the 
much slower rate of growth in this species as compared with the lambs. 


DISCUSSION 
Foetal tissue glycogen in different species 

Although it is just over one hundred years since Claude Bernard (1859a) 
identified glycogen in foetal tissues and described qualitatively the changes 
in content occurring in the different tissues during gestation, there have 
been no attempts to make as detailed a quantitative survey. Nevertheless, 
sufficient information is available to suggest that changes in tissue glycogen 
similar to those observed in the foetal lambs and monkeys also occur in 
other species, though their time ——e with respect to parturition 
may vary from species to species. 


Liver. Bernard was unable to detect glycogen in the livers of foetal 


lambs during the first half of gestation, but with improved methods of 
extraction Pfliiger (1903) showed that a small amount, 7-9 mg/g, was 
present in the liver of a 2-month-old foetal lamb, an estimate similar to 
those for total carbohydrate obtained in lambs of this age in the present 
work. In the older lambs, from 100 days gestation age onwards, i.e. in the 
last third of gestation, the liver carbohydrate increased steadily (Fig. 4) 
until near term it was considerably higher than the normal adult level of 
40 mg/g (Parry & Shelley, 1958). A similar trend was observed by Aron 
(1922), but his values are much lower than those reported here, possibly 
because he estimated glycogen, not total carbohydrate, and had partially 
asphyxiated the foetuses by killing their mothers before delivery, a circum- 
stance which would be expected to deplete liver glycogen near term 
(Dawes et al. 1959); one advantage of the present method of carbohydrate 
analysis is that the products of glycogenolysis as far as glucose 1-phosphate 
and free glucose are all included in the assay (Mendel et al. 1954). Liver 
glycogen levels of up to 90 mg/g have been observed in new-born lambs 
(Roderick, Harshfield & Hawn, 1937), in good agreement with the present 
results on mature foetuses. In the foetal monkeys liver carbohydrate 
was present in large amounts at an earlier stage of gestation than in the 
lambs and near term the concentration was 92-109 mg/g (Fig. 4), again 
much higher than in the adults. In man foetal liver glycogen starts to rise 
during the second third of gestation (Szendi, 1936; Villee, 1953a, 1954) 
and values of 40-50 mg/g were observed at 105-140 days gestation age 
(Villee, 1954); reliable information on older human foetuses is lacking, but 


Szendi’s results suggest that the liver glycogen increases steadily up to 
term, 
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_ Similar rises in liver glycogen in the latter part of gestation have been 
observed in other species, though it is possible that some of the values 
given for foetuses near term are low, since the mother was usually stunned 
or killed before delivering the foetuses. In another ungulate, the pig, foetal 
liver glycogen also begins to rise at 105-120 days gestation age (Mendel & 
Leavenworth, 1907; Aron, 1922), though since the gestation period is only 
120 days, the rise occurs nearer term than in the lambs; the livers of new- 
born piglets contain 85 mg/g (McCance & Widdowson, 1959). Liver 
glycogen also rises late in gestation in rodents; in rats the rise occurs in 
the last fifth of gestation to a maximum of 106 mg/g at term (Corey, 1935a; 
Stuart & Higgins, 1935; Martinek & Mikulds, 1954; Jacquot, 1955), in 
rabbits in the last quarter to about 40 mg/g at term (Lochhead & Cramer, 
1908; Snyder & Hoskins, 1928; Szendi, 1936; Jost & Jacquot, 1955) and 
in guinea-pigs during the last fifth to about 30 mg/g at term (Aron, 1922; 
Hard, Reynolds & Winbury, 1944). Foetal liver glycogen is still rising in 
the last fifth of gestation in dogs (Schlossmann, 1938) and this work is of 
particular interest in that the foetuses were delivered under general 
anaesthesia as in the present work and values for liver total carbohydrate 
of up to 117 mg/g were obtained near term, similar to those in the lambs 
and monkeys and to the liver glycogen of new-born puppies (Demant, 
1887); values of up to 97 mg/g were also observed in mature foetal guinea- 
pigs delivered under general anaesthesia (Shelley, unpublished), in contrast 
to the much lower values obtained by earlier workers (see above). Schloss- 
mann also showed that the total carbohydrate content of the foetal livers 
exceeded their glycogen content by less than 1%, suggesting that the results 

obtained in the present work give a reliable estimate of liver glycogen. 
Lungs. Lung carbohydrate is not depleted by acute asphyxia in foetal 
lambs (Dawes et al. 1959) and this may explain why previous observations 
on foetal lung glycogen are in better agreement with the present results 
than were those on liver glycogen. Calculation from the results of Fauré- 
Fremiet & Dragoiu (1923) on foetal lambs show that, as in the present 
work, peak values of up to 28-5 mg/g were observed just over half way 
through gestation, after which the level dropped abruptly. They confirmed 
Bernard’s observations that the glycogen was concentrated in epithelial 
tissue and estimated that this must contain 75-78 mg/g; the fall in glycogen 
concentration was associated with structural alterations in the lungs 
during which the epithelial tissue disappeared. In man, also, lung glycogen 
is concentrated in the alveolar epithelium and reaches a peak value about 
half way through gestation (Szendi, 1936) ; the values of 27 mg/g at 19 weeks 
and 3 mg/g near term observed by Villee (1953a, 1954) are in excellent 
agreement with the peak and full-term values in the lambs (Fig. 5). 
Monkeys half way through gestation were not available but Fig. 5 shows 
35-2 
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that lung carbohydrate gwas falling in the last third of gestation and, 
again, the fall was ciated with the disappearance of the alveolar 
epithelium. In rabbits the peak lung glycogen concentration occurs rather 
late, in the last fifth of gestation (Szendi, 1936), but, as in the other species, 
it decreases to 3-4 mg/g near term. 

Heart. Whereas all the species so far investigated have high liver 
glycogen and low lung glycogen concentrations at term, regardless of their 
relative maturity, cardiac glycogen appears to vary inversely with maturity. 
Thus in lambs and monkeys, which are able to stand or crawl within an 
hour of birth and are born covered with wool or fur and with their eyes 
open, the cardiac carbohydrate fell during the last third of gestation to 
10-20 mg/g near term (Fig. 6): values of 30-40 mg/g had been observed 
in lambs just over half way through gestation, comparable to the cardiac 
glycogen in human foetuses in the first half of gestation (Villee, 1954). 
There are no quantitative estimates of cardiac carbohydrate in foetuses 
of other species, but new-born rats, which are relatively immature at birth, 
have 22-31 mg/g, new-born rabbits have 5-13 mg/g, and the exceptionally 
mature new-born guinea-pig has only 4-5 mg/g (Dawes et al. 1959), similar 
to the level in the infant and adult monkeys and in other adult mammals 
(Cruickshank, 1936); new-born piglets have 15 mg/g (McCance & Widdow- 
_ son, 1959) and new-born kittens have 11-14 mg/g (Shelley, unpublished). 

Skeletal muscle. Foetal skeletal muscle carbohydrate also appears to be 
related to maturity and it is tempting to argue that species which are 
capable of vigorous muscular activity soon after birth need larger amounts 
of muscle glycogen than those born in a less mature condition. Thus in the 
lambs and monkeys the muscle carbohydrate increased during the last 
third of gestation from less than 20 mg/g to 20-47 mg/g near term (Fig. 7). 
Similarly, carcass glycogen in foetal piglets increases to 11 mg/g near term 
(Mendel & Leavenworth, 1907), a value in excellent agreement with the 
calculated whole-body carbohydrate in the full-term lambs and monkeys; 
muscle from new-born piglets may contain more than 70 mg/g (McCance & 
Widdowson, 1959). Foetal guinea-pigs have a muscle carbohydrate con- 
centration of 19-25 mg/g near term, but the less mature full-term foetal 
rabbit has only 13-17 mg/g (Shelley, unpublished) and the full-term foetal 
rat has a muscle glycogen of only 12 mg/g (Martinek & Mikulda, 1954); 
foetal puppies near term have 14-21 mg/g (Schlossmann, 1938). Neverthe- 
less, in all these species the foetal muscle carbohydrate concentration near 
term was at least twice the corresponding adult level. 

Other tissues. The suggested decline in placental glycogen during the 
~~ latter part of gestation in the monkeys would be in agreement with 
observations on man (Szendi, 1934), rats (Corey, 1935a) and rabbits 
(Lochhead & Cramer, 1908; Huggett, 1929; Loveland, Maurer & Snyder, 
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1931; Szendi, 1934) where the level begins to fall at about the time that 
foetal liver glycogen begins to rise. In sheep and cows the placenta is 
relatively poor in glycogen throughout gestation but glycogen-rich ‘plaques’ 
on the inner surface of the amnion and the umbilical cord disappear in the 
latter part of pregnancy, again at the stage at which foetal liver glycogen 
accumulates (Bernard, 18596). In the foetal lambs’ kidneys, the glycogen 
was concentrated in the tubular epithelium and, as in man (Villee, 1953a), 
remained relatively constant throughout the last two-thirds of gestation. 
Although in the lambs the carbohydrate content of the cerebral cortex 
did not appear to change with increasing gestational age, the amounts 
present were so small as to be near the limit of the method; Villee (1954) 
has observed a decrease in the glycogen content of human foetal brains 
in the first half of gestation. | 

Blood sugars. In the lambs and monkeys the foetal blood pneee was 
closely related to the maternal level (Fig. 2) and did not change with 
‘ increasing gestational age (Fig. 1), but in other species, although the foetal 
_ level was always lower than the maternal level, a rise in foetal blood glucose 
was usually observed towards the end of gestation (Aron, 1923; Snyder & 
Hoskins, 1928; Britton, 1930; Schlossmann, 1931, 1938; Corey, 1932; 
Hard et al. 1944). It is possible that this rise was associated with accidental 
asphyxia at a time when large amounts of glycogen were present in the liver, 
a factor which was excluded as far as possible in the present work. Values 
of about 30 mg/100 ml., similar to those in the foetal monkeys, were 
observed in several species earlier in gestation, and it is probable that the 
higher level in these species, as compared with lambs, is due to the higher 
level in the adults as compared with adult sheep, rather than to differences 
in foetal metabolism. The similarity in the ratio of foetal to maternal 
blood glucose in the lambs and monkeys was surprising, because whereas 
the sheep placenta converts part of the foetal blood glucose into fructose 
(Huggett e¢ al. 1951; Alexander, Andrews, Huggett, Nixon & Widdas, 
1955), the monkey placenta at this stage of gestation does not (Chinard 
et al. 1956). The fall in blood fructose with increasing gestational age in 
the lambs (Fig. 3) was reflected in the tissues, which near term usually 
contained less than 1 mg/g. 


Factors affecting foetal tissue glycogen 

Little is known about the factors responsible for the appearance of 
glycogen in foetal tissues, but the present work makes it clear that 
exogenous factors alone cannot be responsible. Although there is a corre- 
lation between the appearance of islets of Langerhans in the foetal pancreas 
and the increase in foetal liver glycogen (Aron, 1922, 1931) and although 
the latter is dependent on foetal pituitary and adrenal function (Jacquot, 
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1955; Jost & Jacquot, 1955), the appearance of insulin and adreno- 
corticoids in the foetal circulation at this late stage in gestation would not 
explain the much earlier deposition of glycogen in the heart, lungs and 


skeletal muscle. It is more likely that the appearance of glycogen in a 


given tissue coincides with the development in that tissue of the enzymes 
necessary for its synthesis, of which the ‘branching enzyme’ needed for 
the formation of glycogen ‘primer’ may be among the last to appear 
(Nemeth, Insull & Flexner, 1954). Similarly, changes in enzyme activity 
may well be responsible for the decrease in lung and cardiac carbohydrate 
concentration in the latter part of gestation and for the difference between 
foetal and adult skeletal muscle. 

Although differences in enzyme activity could account for changes in 
the general pattern of foetal tissue glycogen distribution, they are unlikely 
to account for the variations observed between different individuals of the 
same age. Such variation is more likely to be associated with differences 
in the availability of substrates for glycogen synthesis, particularly in 
those tissues where glycogen is not depleted by asphyxia. The injection of 
insulin into pregnant rats produced foetal hypoglycaemia and a fall in 
foetal liver glycogen (Corey, 1932, 19355) and starving pregnant rats for 
22 hr (Stuart & Higgins, 1935) or treating pregnant rabbits with phlorrhizin 
(Lochhead & Cramer, 1908) also depleted foetal liver glycogen.. Conversely, 
treating pregnant rats with glucose increased the foetal liver and muscle 
glycogen (Corey, 19355), though maintaining pregnant rabbits on a 
_ supposedly carbohydrate-rich diet (carrots and cabbage) had little effect 
(Lochhead & Cramer, 1908). Some long-term experiments on the effects 
of maternal nutrition on foetal tissue glycogen are clearly needed. 


The importance of foetal tissue carbohydrate 


Importance to the foetus. Even less is known about the enatinnce to 
the foetus of its glycogen reserves since, although observations have been 
' .made on the glycogen content of various tissues, few physiological experi- 
ments have been made. It has been assumed that foetal liver glycogen 
behaves in the same way as adult liver glycogen and this hypothesis is 
supported by the fall in liver glycogen and rise in blood glucose observed 
‘in foetal lambs and monkeys asphyxiated by tying the umbilical cord 
(Dawes et al. 1959; 1960) and by its depletion in the presence of foetal 
hypoglycaemia (see above). Thus foetal liver glycogen is highly labile and 
Goldwater & Stetten (1947) estimated its rate of turnover in the foetal rat to 
be 5 mg/g/hr. Since large amounts of glycogen are present in the placenta 
and lungs at a time when very little glycogen is present in the liver, it has 
been suggested that these act as temporary glycogen stores until the liver is 
able to take over (Bernard, 18596; Lochhead & Cramer, 1908; Szendi, 1934, 
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1936 ; Corey, 19354; Villee, 19536), but there is no evidence for its liberation 
from these organs under conditions of foetal stress. The placental glycogen of 
the rabbit is unaffected by adrenaline or hypoglycaemia (Huggett, 1929) 
and there is no change in lung carbohydrate in acutely asphyxiated foetal 
lambs and monkeys (Dawes ef al. 1959, 1960). In contrast, there is a well- 
established correlation between cardiac carbohydrate concentration and 
the ability to survive anoxia (Dawes et al. 1959, 1960; Stafford & Weatherall, 
1960), and since the danger of hypoxia is probably one of the chief hazards 
of intra-uterine life, the possession of a high cardiac glycogen concentration 
may be highly beneficial to the foetus and should help it to survive the 
trauma of birth. 

Importance to the new-born animal. The changes in tissue glycogen in 
new-born animals suggest that both liver glycogen and skeletal muscle 
glycogen are important stores for use immediately after birth. A profound 
fall in liver glycogen occurs within a few hours of birth in dogs (Demant, 
1887), guinea-pigs (Hard ef al. 1944), rats (Martinek & Mikulas, 1954; 
Stafford & Weatherall, personal communication), lambs and _ possibly 
monkeys (Fig. 4) and may be responsible for the initial rise in blood 
glucose observed in the lambs (Fig. 1) and guinea-pigs (Hard et al. 1944) 
soon after birth. The liver glycogen remained low, below 20 mg/g, for about 
a fortnight after birth in the dogs, rats and guinea-pigs but was rising 
again within a week of birth in the lambs and monkeys. The blood glucose 
level also rises in human babies after birth (Desmond, Hild & Gast, 1950; 
Cornblath, Levin & Marquetti, 1958) and liver glycogen also falls in 
chickens after hatching (Needham, 1942). A fall in skeletal muscle 
carbohydrate after birth has been observed not only in kittens (Bernard, 
1859a) and in lambs and monkeys (Fig. 7), but also in the much less 
active new-born rat (Martinek & Mikulds, 1954). In the last three species 
the level fell to less than half that in the full-term foetus; whereas in 
the lambs this occurred within 24 hr of birth, the fall was slower in the © 
rat and, since the initial value was low (12 mg/g), the decrease in muscle 
glycogen was less. The rate of fall in the infant monkey is not known, 
since all those available were at least 8 days old, but in the kitten the 
- fall occurs in the first 24 hr after birth. The rough calculations of total 
body carbohydrate in Table 1 suggest that in the lambs and monkeys the 
total fall in muscle carbohydrate was several times greater than the fall 
in liver carbohydrate, and similar calculations suggest that even in the rat 
the amount of glycogen lost from the muscles was at least half that 
disappearing from the liver. Whereas in all the species studied there was 
a rise in liver glycogen 10-16 days after birth, there was no such rise in 
muscle glycogen. _ 

These observations suggest that the metabolic requirements of new- 


A 

‘ 


548 HEATHER J. SHELLEY 


born animals are so great that their carbohydrate reserves are utilized in 
the first few hours after birth, and that they are unable to obtain sufficient 
food both to satisfy these needs and to restore their liver glycogen until 
more than a week later, and can never restore their muscle glycogen. It is 
known that in foetal rats near term the turnover rates of several substances, 
including glycogen, are several times greater than in the adult (Goldwater 
& Stetten, 1947) and there is no reason to suppose that they are any lower 
in the new-born animal; indeed, the increase in oxygen consumption 
observed after birth in many species, including lambs, monkeys and rats, 
suggests that the turnover rates may actually increase in new-born animals 
(Gelineo, 1954; Dawes & Mott, 1959; Mount, 1959; Dawes et al. 1960; 
Taylor, 1960). The drastic effects of starving new-born animals are particu- 
larly well illustrated in the pig, where in the absence of food the rise in 
blood glucose occurring after birth is soon succeeded by hypoglycaemia 
and death (Goodwin, 1957). In some species, notably man, lactation is not 
fully established until 24—48 hr after parturition and during this period the 
new-born animal must be largely dependent on its own reserves, of which 
the liver and muscle carbohydrate evidently form an important part; for 
instance, McCance & Widdowson (1959) estimated that carbohydrate 
accounted for 84% of the solids metabolized by starved new-born piglets, 
67-69 % being contributed by muscle and liver glycogen. It is therefore 
possible that factors which reduce the glycogen content of the foetus in 
utero may well jeopardize the infant’s chances of survival after birth. 
Although acute anoxia only partially depletes liver carbohydrate and does 
not affect skeletal muscle carbohydrate in foetal lambs and monkeys 
(Dawes et al. 1959, 1960), the results obtained on one particular monkey 
(No. 110, 145 days gestation age, Dawes et al. 1960), where placental in- 
farcts were present and there was evidence of prolonged hypoxia, suggest 
that a prolonged period of placental insufficiency may not only deplete 
liver carbohydrate to a greater extent than does acute anoxia, but may 
also affect muscle carbohydrate; the latter was only 15 mg/g in this foetus, 
less than half the normal value. Such an infant would probably have a 
poor chance of survival after birth, and further work is needed to determine 
to what extent the deleterious effects of maternal malnutrition, placental 


insufficiency and birth asphyxia may be due to the presence of inadequate 
carbohydrate reserves in the new-born animal. 


SUMMARY 


1. Blood glucose and fructose and the total carbohydrate concentration 
in several tissues have been measured in foetal lambs in the last two-thirds 
of gestation. Similar observations were also made on lambs from 2} hr 
to 17 days after birth and monkeys 8-15 days after birth. 
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2. The blood glucose did not change with increasing gestational age 
and was equal to about half the maternal level in both foetal lambs and 
monkeys. After birth it rose rapidly to near-adult levels. 

3. In the lambs blood fructose fell with increasing gestational age and 
reached very low levels soon after birth; none was detected i in the blood 
of two foetal monkeys. 

4. Liver carbohydrate rose during the last third of gestation in the 
foetal lambs, from less than 14 mg/g to 60-98 mg/g near term; monkeys in 
the last third of gestation had 60-104 mg/g. Observations on infant 
lambs and monkeys suggested that it fell soon after birth and rose again 
5-10 days later. 

5. In the lambs lung carbohydrate rose to up to 27 mg/g just over 
half way through gestation, after which it fell rapidly to 3-4 mg/g near 
term; a similar fall occurred in the foetal monkeys and even lower levels 
were observed in the infant animals. 

6. The cardiac carbohydrate rose to up to 40 mg/g in lambs just over 
half way through gestation, after which it fell in both species; the fall 
continued after birth. 

7. Skeletal muscle carbohydrate rose during the last third of gestation 
in both species to a maximum of 47 mg/g in lambs and 34 mg/g in monkeys. 
In the lambs it fell to less than half the foetal level within 24 hr of birth; 
similar low levels were observed in the infant monkeys. 

8. The fructose concentration in these tissues was usually negligible 
compared with the total carbohydrate, less than 2 mg/g in the foetal 
lambs. 

9. Histological examination of the tissues suggested that their glycogen 
content was proportional to the total carbohydrate concentration. _ 

10. It was concluded that the results were consistent with observations - 
on other species and that these carbohydrate stores may be of great 
importance, particularly to the new-born animal. 
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In some animals the administration of posterior pituitary extracts pro- 
duces both a chloruretic and natriuretic effect (Fraser, 1937, 1942; Heller 
& Stephenson, 1950) and modifies renal haemodynamics (Dicker & Heller, 
1946). The question arises whether these effects are due to the antidiuretic 
or oxytocic fraction. Whereas there is good evidence to show that in the 
rat the oxytocic and not the antidiuretic fraction enhances the excretion 
of these ions, especially during saline diuresis (Kuschinsky & Bundschuh, 
1939; Fraser, 1942; Dicker & Heller, 1946; Schaumann, 1949; Heller & 
Stephenson, 1950; Brunner, Kuschinsky & Peters, 1956), in the dog both 
fractions are active. Thus, Sartorius & Roberts (1949) and Anslow & 
Wesson (1955) showed that vasopressin regularly enhanced Na and Cl 
excretion during water diuresis, and occasionally also at low rates of flow. 
Brooks & Pickford (1958) confirmed these findings regarding the anti- 
diuretic hormone and further showed that the oxytocic fraction con- 
sistently increased electrolyte excretion at low rates of urine flow. Regarding 
the renal vascular effects of the hormones, Demunbrun, Keller, Levkoff 
& Purser (1954) reported that the intravenous infusion of vasopressin in 
dogs suffering from diabetes insipidus caused by extensive hypothalamic 
lesions did not affect the low glomerular filtration rate and renal plasma 
flow encountered, whereas the administration of oxytocin restored renal 
haemodynamics to preoperative levels. : 

There is relatively little information as to the effects of posterior pituitary 
extracts on renal function in man. Chalmers, Lewis & Pawan (1951) in- 
jected human subjects with doses of 50-200 m-u. Pitocin and 20-100 m-u. 
Pitressin and found that neither of these preparations had an effect on the 
excretion of Na or Cl. This was confirmed by Thomson (1960) using a 
_ synthetic oxytocin preparation. No information, however, is available as to 
a possible action of oxytocin on glomerular filtration rate or renal plasma 
flow, nor whether it affects electrolyte excretion during saline diuresis, It 
was therefore decided to investigate further the action of oxytocin in man, 
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using both the commercial extract of posterior pituitary lobe, and a 
synthetic oxytocin preparation whose actions cannot be differentiated 
from those of highly purified natural oxytocin as prepared by du Vigneaud 
and his —" (Brooks & Pickford, 1958). 


METHODS 


The subjects were twenty men of 19-60 years of age and fifteen women of 25-55 years. 
Nine of the: women had had a normal labour in the Obstetric Unit of University College 
Hospital, London, at least 10 days before the experiments were made, All experiments were 
performed with the subjects recumbent. In all but three of the women urine was collected 
through a catheter inserted before the beginning of the experiment. The catheter drained the 
urine directly into a measuring cylinder under the bed. The men and three of the women stoo | 
up for micturition. In experiments where the effect of oxytocin was observed during water 
diuresis, 1-21. of water was swallowed and the water load kept constant in most of the 
experiments by replacing the volume of urine excreted by equal amounts of ingested water. 
In other experiments, when the subjects took no doses of water, the effect of oxytocin was 
tested at low rates of urine flow. 

The effect of oxytocin was also observed after the subject had ieee loaded with sodium 
chloride. On seven occasions the drug’ was infused during ‘saline’ diuresis induced by the 
ingestion of 700-800 ml. of a 0-9% NaCl solution; on two oceasions during water diuresis 
which resulted from 1000 ml. water taken 4 hr after a normal breakfast to which salt had 
been added to the limit of toleration; and on five occasions during water diuresis after a 
lunch made as salty as possible, with a further 5 g NaCl given 2 hr later, immediately bef re 
the dose of water. Lastly, since Ladd (1952) observed that prehydration 8-13 hr before intra- 
venous infusion of 0-9 % NaCl solution profoundly affected the response of the kidney to the 
infusion, three experiments similar to but not identical with his were performed. Three 
subjects drank 2-2-51. of water in the evening between 10-30 and 11-30 p.m., and next 
morning at 9 a.m. a ‘saline’ diuresis was induced by drinking 700-800 ml. of a 0-9% NaCl 
solution. Since all these experiments gave similar results, they will be grouped together under 
the heading of salt ‘loading’. 

Infusions were made intravenously with either a 5% glucose or a 0-9 % NaCl solution 
given by motor-driven syringe delivering at a constant speed of 0-18 or 0-75 ml./min. To 
avoid psychological disturbances which might a‘fect the results two methods were used. 
Either control and experimental infusions were run on different days without informing the 
subject which was being used, or the needle was inserted into the vein and the control 
solution run for some time before the drug infusion was begun. Test substances were either 
given at the peak of diuresis or when the rate of urine flow was steady. 

Glomerular filtration rate (G.F.R.) and renal plasma flow (R.P.F.) were estimated in terms of 
insulin and p-amino hippuric acid (PAH) clearances. Following an intravenous priming 
injection of 100 ml. of a 0-9 % NaCl solution containing 5 g inulin and 0-8 g PAH, the subjects 
received a sustaining infusion of 65 mg inulin and 6 mg PAH/min in a 0:9 % NaCl solution at 
a rate of 1-0 or 1-5 ml./min. Test substances were diluted in the infusion mixture and the 
change from control to test infusion was made without the knowledge of the subject. No 


urine collections were made until 45-60 min. after the priming injection. On a number of | 


occasions the endogenous creatinine clearance was measured instead of that of inulin. 


Creatinine was estimated by the alkaline picrate method, inulin by Cole’s unpublished | 


modification of the method of Hubbard & Loomis (1942) in which FeCl, is used as a catalyst 
and PAH by the method of Smith, Finkelstein, Aliminosa, Crawford & Graber (1945). Naand 


K were estimated by flame photometry, and Cl by the method of Prout-Winter as described 
by Cole (1919). 
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The drugs used were the synthetic oxytocin, Syntocinon (Sandoz Ltd.) and the posterior 
pituitary extracts, Pitocin and Pitressin (Parke, Davis and Co.). Since the synthetic and 
extracted oxytocins had identical effects the term oxytocin will be used. 


RESULTS 


Effect of oxytocin in the absence of salt loading. A total of twenty-four 
experiments was performed at various rates of urine flow, depending on 
whether water was ingested. The lowest rate of urine flow was 0-54 ml./min 
and the highest 18 ml./min. The rates at which oxytocin was infused were 
4, 8, 16, 32, 64, 120, 150 and 200 m-u./min. It may be seen in Fig. 1 that an 
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Fig. 1. Comparison of effect of intravenous infusion of oxytocin and of 0-9 %, NaCl 
solution in the same subject. Lower curve in both frames shows rate of urine flow; 
upper curves in both frames show rate of excretion of Na (@), K (©) and Cl (---). 
Blocks on abscissae show duration of infusion of oxytocin 200 m-u./min (O in upper 
frame) and of 0-9 % NaCl solution (S in lower frame). Water load maintained con- 
stant by intake of that volume of fluid excreted in urine. 
infusion of as much as 200 m-u./min had no more effect on water, Na, K 
and Cl excretion than the infusion of 0-9°{% NaCl solution under closely 
similar conditions and on the same subject. Negative results with regard 
to electrolyte excretion were obtained whatever the rate of urine flow in all 
but one subject who showed during water diuresis a long-lasting rise in Na 
_ excretion beginning 10-20 min after the end of the infusion; further obser- 
vation, however, showed that in this subject a similar rise occurred after a 
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control infusion of a 5 % glucose solution. Clearly, then, changes in electro- 
lyte excretion do not follow the administration of oxytocin in the circum- 
stances considered. Oxytocin did not affect the rate of urine flow except in 
one subject who was observed on three different occasions. During water 


diuresis an, infusion of 150 m-u. oxytocin/min for 12 min had no effect | 


on the rate of urine flow. However, twice in the absence of hydration 
the same amount of oxytocin had a clear antidiuretic effect: on one of 
these occasions the inhibition was so pronounced and long-lasting that 
the experiment had to be abandoned; on the other occasion, the urine flow 
fell from 2-3 to 1-0 ml./min with a recovery to 1-4 ml./min after 40 min. 

In contrast, oxytocin was apparently diuretic once only out of several 
occasions in one subject: on the exceptional day he was not hydrated and 
was excreting urine at the rate of 2-8 ml./min; immediately following a 
15 min infusion of 150 ml./min oxytocin the rate of flow increased to 8-0 ml./ 
min; this fell to 4-0 ml./min an hour later. No change occurred in the 
excretion of either Na or K. 

_ Effect of oxytocin after salt loading. A total of twenty-five experiments 
and their controls were performed on fourteen subjects in one of the cir- 
cumstances described as ‘salt loading’ under Methods. In all instances 
where the rate of urine flow was high or moderately high, infusion of 
oxytocin at rates ranging from 16 to 200 m-u./min had no more effect on 
the excretion of electrolytes than the infusion of control solutions of 
glucose or NaCl. The results were also negative in four out of five experi- 
ments performed at low rates of urine flow. The apparently positive result 
was obtained in the first of the exceptional subjects mentioned in the pre- 
vious section; after salt loading as in water diuresis, about 30 min after 
the end of the infusion this man showed a steady hour-long rise in Na 
excretion and no change in K excretion. He showed a similar increase in 
Na excretion after being infused with 5% glucose solution only, so that the 
enhanced natriuresis could not be attributed to the action of oxytocin. The 
rate of urine flow in saline diuresis was unaffected by oxytocin except on 
two occasions in the subject mentioned previously who showed an in- 
hibition when unhydrated; thus, an infusion of 100 m-u./min oxytocin for 
27 min reduced his rate of urine flow from 11-9 to 1-7 ml./min, with recovery 
to 5-2 ml./min 60 min after the end of the infusion. 

_ Effect of oxytocin combined with vasopressin. It has been shown in rats 
and dogs that one or more of the renal actions of oxytocin are decreased by 
the simultaneous administration of vasopressin (Fraser, 1942; Brooks & 
Pickford, 1958). To test whether this held true in humans is effect of 
infusion of 1-0 m-u. vasopressin/min for 30 min was compared in the same 
subjects, either on the same day or a few days later, with the effect of 
infusion of a mixture of the same amount of the drug with two to fifty 
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times more oxytocin. The subjects were nine healthy post-parturient 
women and the observations were made during water diuresis. In no 
instance was the antidiuretic response following the infusion of vassopressin 
alone different from that seen during infusion of a mixture of vasopressin 
and oxytocin (Fig. 2). 

One of the women was accustomed to smoking about fifteen cigarettes a 
day. The vigorous and rapid smoking of two cigarettes consecutively at the 
peak of a water diuresis resulted in an antidiuresis which was quantita- 
tively similar to that observed from the infusion of 2-0 m-u. Pitressin/min. 


_ The antidiuretic effect was reproducible from day to day and was found to 


be unaffected by the simultaneous infusion of 16 m-u. oxytocin/min. 
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Fig. 2. Comparison of the effect of intravenous infusions of vasopressin and of a 
mixture of vasopressin and oxytocin on the urinary flow in the same subject. In A, 
the subject was infused with vasopressin at a rate of 1-0 m-u./min. In B, 3 days later, 
the subject was infused with the same amount of vasopressin mixed with fifty times 
more oxytocin. Duration of infusions shown by the blocks. In both experiments 
the water load of 900 ml. water was kept constant by intake of volumes of water 
equal to those excreted in urine. 


12 noon 
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Effect of oxytocin on renal clearances. Renal clearances of endogenous 
creatinine were measured twice during water diuresis, twice during ‘saline’ 
diuresis and once at low rate of urine flow due to absence of hydration. The 
clearance values, however, varied so much during the course of any one set 
of observations that it was impossible to draw any conclusions from the © 
results. In all other cases values for G.F.R. and R.P.F. were estimated by 
inulin and PAH clearances. Seven observations were made on five male 
subjects: they were given-doses of oxytocin ranging from 100 to 750 m-u./ 
min for periods of time varying from 10 to 30 min during the sustaining 
infusion of inulin and PAH. Twice when 150 m-u./min oxytocin was in- 
fused, and once when 200 m-u./min was given, the renal clearances of 
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inulin and PAH were unaffected. On the other hand, Fig. 3 shows an 
experiment in which @.F.R. and R.P.F. appeared to be decreased by only 
100 m-u. oxytocin/min for 33 min, and greater falls were obtained on one 
occasion each with infusions of 140, 200, and 750 m-u./min. 

In all these experiments oxytocin had an antidiuretic effect when given 
during infusions of inulin and PAH. For instance, a subject who showed no 
antidiuretic response to 200 m-u./min oxytocin during water diuresis 


900 


(mi./min) 


140 | 
130 
120 F | 


Urine flow 


O 
40 60 80 100 120 140 160 
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Fig. 3. Effect of oxytocin on rate of urine flow (lower frame) and clearances of PAH 
and inulin (upper frame). Zero time taken as the time when sustaining intravenous 
infusion of PAH and inulin was begun. Block marked O indicates time during 
which 100 m-u./min oxytocin was added to the sustaining infusion. Water load 
maintained constant by intake of that volume of fluid excreted in urine. 


(Fig. 1) or on two occasions during ‘saline’ diuresis, had his diuresis 
markedly inhibited by the same dose of oxytocin given for 17 min during 
the simultaneous infusion of inulin and PAH: the rate of urine flow fell 
from | 2-5 to 1-7 ml./min for 45 min and thereafter increased to 2-5 ml./min. 
In another subject previously unaffected by an infusion of 100 m-u. 
oxytocin/min the same dose given during clearance measurements caused 
a marked antidiuresis (Fig. 3). In fact, in all subjects the administration 
of oxytocin during inulin and PAH clearance estimations produced some 
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antidiuresis, even in those instances where changes in clearance values 
were insignificantly small, as in the example shown in Fig. 3. 


DISCUSSION 


The present results show that the effects of oxytocin in human beings 
differ from those observed in other species in at least three aspects. First, 
in dogs oxytocin raises the urinary output of Na and Cl, especially when | 
administered at low rates of urine flow (Brooks & Pickford, 1958). Similar 
effects have been observed in rats (Dicker & Heller, 1946; Heller & 
Stephenson, 1950; Croxatto, Rosas & Barnafi, 1956; Brunner et al. 1956). 
In human beings, however, infusions of oxytocin had no effect on Na, K or 
Cl excretion over a wide range of urine concentration and rate of flow; this 
agrees with Chalmers e¢ al. (1951) and Thomson’s (1960) findings. Secondly, 
in dogs the intravenous administration of oxytocin always produces a 
marked increase in R.P.F., without necessarily a simultaneous change in 
G.F.R. (Brooks & Pickford, 1958; Ali, 1958). Similarly in rats, oxytocin 
increases both inulin and diodone clearances (Dicker & Heller, 1946) though 
the clearance of endogenous creatinine is unaffected (Brunner, Kuschinsky, 
Munchow & Peters, 1957). In contrast, in man, when fairly large doses of 
oxytocin were infused, on four occasions out of a total of seven experi- 
ments there was a decrease of both a.¥.R. and R.p.F. No increase was © 
ever observed. As further observations, however, showed that oxytocin is 
antidiuretic in the presence of inulin and PAH, the validity of the clearance 
values may be questioned. The possibility that oxytocin might not affect 
renal haemodynamics, but for the presence of the test substances used for 
their measurement, must be borne in mind. Thirdly, the effect of oxytocin 
on the rate of urine flow is not the same in all species. Croxatto et al. (1956) 
and Brunner et al. (1957) observed an increase of urine flow in the rat, 
especially in conditions where the urine was concentrated, whereas van 
Dyke, Adamson & Engel (1955) and Brooks & Pickford (1958) found 
oxytocin to have an antidiuretic action in the dog. In man the results to 
date are conflicting. From the present findings, in twenty-seven out of 
twenty-nine experiments in recumbent subjects oxytocin infused alone, 
during either water or ‘saline’ diuresis, had no antidiuretic effect and on 
one occasion even produced a diuretic response. Thomson (1960), however, 
observed an antidiuretic effect in fifteen out of seventeen experiments, 
using doses of oxytocin in the same range as those used in the present 
investigation. The only obvious difference in the technique used by 
Thomson and the present authors is that in Thomson’s experiments 
subjects were sitting, whereas in the present investigation they were all 


lying down. The importance of the posture of the subjects is borne out by 
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Chalmers et al. (1951) observations on men in whom oxytocin was moderately 
antidiuretic in seven out of eight cases. Though it is not stated in their 
paper, Chalmers in a personal communication informed us that all his 
subjects were either seated or ambulant. It is therefore conceivable that 
the upright posture may affect the renal vascular responses, which in turn 
will determine the presence or the absence of antidiuresis. 

The reasons for these species differences are not known. The interpre- 
tation of these results will remain difficult until more is known about the 
physiological level of circulating oxytocin in animals as well as in man. 

SUMMARY 
1. The effect of intravenous infusions of synthetic oxytocin on the 
excretion of water, Na, K and Cl was investigated in recumbent subjects 
of both sexes. The doses of oxytocin infused varied from 4 to 200 m-u./min. 
Observations were made when the rate of urine flow was either low or high, 
and after the subjects had been loaded with NaCl. 

2. With the exception of one male subject, oxytocin did not produce any 
antidiuresis. In all subjects the excretion of Na, K and Cl was not more 
affected by oxytocin than by control infusions of either 5% glucose or 
0-9 % NaCl solutions. | 

3. The infusion of 1 or 2 m-u. vasopressin/min together with fifty times 
as much oxytocin had the same effect as that to be expected had vaso- 
pressin been given alone. | 

4. In four out of seven observations oxytocin in doses from 100 to 
750 m-u./min caused some fall in the clearances of both inulin and PAH. 


The authors wish to express their thanks to all patients, colleagues and students who 
volunteered to act as subjects for this investigation. One of us (S.E.D.) is indebted to 
Professor W. C. W. Nixon for allowing part of this investigation to be carried out in Uni- 
versity College Obstetric Hospital. : 
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In the course of experiments in which acetylcholine (ACh) released during 
nerve stimulation was collected from the isolated rat diaphragm (Krnjevi¢ 
& Mitchell, 1960), it became a matter of some importance to know how 
ACh is distributed within the diaphragm and at what rate it can be ex- 
pected to diffuse out. The following experiments were therefore under- 
taken, and, as no information was available about the rate of diffusion 
of ACh in physiological solutions, estimations were also made of the 
diffusion coefficient of ACh in gels of Ringer—Locke solution and agar. 


METHODS 
Diffusion of ACh'chloride in agar gels 

The method used was derived from one described by Eggleton, Eggleton & Hill (1928) in 
which measurements were made of the amounts of substances diffusing out of an agar gel. 
In our first experiments the solution of ACh chloride and agar was poured into a boiling- 
tube (cross-section about 4 cm?) and allowed to set, and the rate of diffusion of ACh into 
physiological saline determined exactly as in the experiments of Eggleton et al. (1928). The 
apparent coefficients of diffusion obtained in this way were unexpectedly high, and, for 
control, measurements of the diffusion of NaCl into water were made under the same con- 
ditions. These also showed very high apparent rates of diffusion (as much as 50 % higher than 
the values given in the International Critical Tables). Inspection of the diffusion tubes 
showed that this anomalous diffusion could be ascribed to a substantially greater (+ 10-20%) 
area of diffusion at the curved surface of the gel than would be expected from the area of 

cross-section of the tube. The method was therefore modified as follows. 

_ *Bacto-agar’ (Difco Laboratories, Detroit, Michigan) was dissolved in hot Ringer—Locke 
solution so as to make a 0-5% (w/v) solution. It was allowed to cool to about 40° C, at 
which temperature it remained liquid. ACh ehloride was then added from a standard 
solution to give a final concentration in the agar solution of 5-0 x 10-5m, the standard solu- 
tion (5x 10-*m) being prepared from a known weight of acetylcholine chloride (Roche 
Products) dissolved in a solution of 0-1m-NaH,PO,. The Ringer—Locke solution had the 
following composition (mm): Na+ 150, K+ 5-0, Ca** 2-0, Mg*+ 1-0, Cl- 148, H,PO,~ 1-0, 
HCO,- 12-0 and glucose 11, the ionic strength being 0-164. 

Diffusion chamber. This consisted of two Perspex tubes. One, with an internal diameter 
of about 3 cm and length of about 5 cm, was closed at one end; the other (about 4 cm long) 
was open at both ends and fitted accurately over the open end of the first. Some 25 ml. of 
the warm solution of ACh and agar was poured carefully into the bottom tube so as to give 
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a very smooth and flat surface at the open end. When the agar gel had set and reached the 
desired temperature (by equilibration with a large volume of water in which the chamber 
was immersed), the upper tube was fitted on. 20-0 ml. portions of Ringer—Locke solution 
were pipetted into the upper compartment, in contact with the surface of the gel, and kept 
stirred by bubbles of moist compressed air. They were replaced at intervals so that the 
external ACh concentration never rose above 1-2 % of that in the agar gel. The amounts of 
ACh collected were assayed in the conventional manner on a frog rectus preparation, using 
for comparison dilute solutions of ACh prepared from the same standard. The accuracy of 
the method of assay was estimated by including ACh solutions of a known concentration in 
each batch of ‘unknowns’. The ACh content of a series of ten such solutions was estimated 
with a coefficient of variation of +6-2%. There was also a systematic tendency to under- 
estimate the apparent content by an average of 25%. With this modified method, an 
estimate of the rate of diffusion of NaCl came to within 5% of the expected values. 


Diffusion of ACh through diaphragm muscle 
_ Rats weighing 300-400 g were anaesthetized with ether, and their entire diaphragms were 


_ then removed in one piece, still attached to the costal margin. After soaking in cold Ringer— 


Locke fluid, well aerated with 5% CO, in O,, the muscular portion of one half of the 
diaphragm was stretched lightly and tied over the smooth end of a hollow Perspex cylinder 
(internal diameter 1-28 cm). Excess tissue was trimmed off, and the cylinder, occluded by 
the disk of diaphragm muscle, was dipped into a small beaker containing 5-0 ml. of Ringer— 
Locke fluid kept agitated by bubbles of 5% CO, in O,. A solution of ACh chloride in Ringer- 
Locke fluid (which varied between 5 x 10-° and 5 x 10-‘m) was pipetted into the lumen of 
the cylinder until the fluid level inside equalled that in the beaker outside. A similar gas 
mixture stirred the internal solution (volume about 1-5 ml.), which was replaced by fresh 
ACh solution every 2-5 min. The external solution was changed at intervals of 10-15 min, 
allowing a sufficient amount of ACh to diffuse through to give an adequate concentration 
for assay. To prevent destruction of ACh by cholinesterases in the tissue, eserine sulphate 
was added to the solutions (1-5 x 10-°m); alternatively, the rats before death were given 
intraperitoneal injections of di-isopropylphosphorofluoridate (DFP) in doses of 5 umole/100 g 
body weight. 

Estimation of thickness of diaphragms. 20 » frozen sections of the muscles used in diffusion 
studies were cut and examined amediateny, either unstained or after light colouring with 
haematoxylin and eosin. 

ACh space within the diaphragm muscle. The diaphragms were removed from 300 g rate 
anaesthetized with ether and, after a preliminary 20-30 min period of soaking in cold 
Ringer—Locke solution well aerated with 5% CO, in O,, the muscles were dissected free 
from ribs and connective tissue, lightly blotted with filter paper and quickly weighed (usual 
weight 200-300 mg). They were allowed to soak in well-aerated and well-stirred Ringer— 
Locke fluid, containing 5 x 10-*m ACh chloride, for periods of some 60-120 min; after this 
they were blotted with filter paper as before, and transferred to a beaker containing 5:0 ml. 
of well-stirred Ringer—Locke solution. 1-ml. samples of this solution were removed for assay 


_ after set intervals, the volume of Ringer—Locke fluid being maintained approximately 


constant by the addition of known amounts of fresh solution from time to time as required. 

In the first experiments of this kind destruction of ACh was prevented by eserine sulphate 
(1-5 x 10-m); in later experiments the rats were given an intraperitoneal injection of DFP 
(5 umole/100 g body weight). A further modification in later experiments was that the 
diaphragms were not cut away from the ribs until after the period of soaking in ACh. A 
number of samples were treated with strong alkali (1/5th volume of n/3-NaOH) an:l then 
neutralized to exclude the possibility of a release of an interfering substance from the muscle. 
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RESULTS 
Diffusion of ACh from a Ringer—Locke-agar gel 
into Ringer—Locke solution 

When diffusion takes place from a semi-infinite source into a well-stirred 
solution in which the concentration is maintained at zero, the amount of 
substance diffusing out is proportional to the square root of time. It can be 
shown (Stefan, 1871; Crank, 1956) that the total quantity (@) which has 
diffused out after time ¢ should be 


Q = 2AC,/(Dt/z), (1) 


where A is the area across which diffusion takes place, C the initial uniform 
concentration in the source, and D the appropriate diffusion coefficient. | 
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Fig. 1. Diffusion of ACh from a Ringer—Locke-agar gel into well-stirred Ringer- 
Locke solution. Ordinates indicate the total amount of ACh that had left the gel at 
a given time. Straight lines were drawn by eye, through points obtained during one 
experiment at 21° C (@) and another at 37-5° C (0). 


In practice, finite systems behave as semi-infinite sources so long as the 
concentration does not fall appreciably below C at some distance from the 
boundary. For a system which is several centimetres deep, this condition 
would be expected to hold for many hours, but in any case it was advisable 
to find out whether the simple relation between Q and ,/t really held before 
making further use of this equation. 

We found in our experiments that plots of Q aia jt gave good 
straight lines in the time during which observations were made (up to 2 hr). 
Two examples of such graphs are shown in Fig. 1. There were small but 
systematic differences between observations made on different occasions, 
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no doubt because of unavoidable small variations in such factors as the 
area of diffusion, the concentration of ACh, and the temperature. In all 
cases, however, there was a linear relation between Q and ,/t, which justi- 
fied the use of Equation (1) for determining the coefficient of diffusion (D); 


- and the only feature worthy of comment is that, at room temperature, 


there was a consistent tendency for the straight lines to cut the abscissae a 
short distance on the positive side of zero (as in Fig. 1). 

Diffusion at room temperature. In all, eleven experiments were per- 
formed at room temperature (20, range + 1° C) using the same diffusion 
chamber (with a diffusion area of 6-80 cm?), and the same concentration of 
acetylcholine chloride (5x 10-° m); from. these experiments 58 pairs of 
values of Q and ,/t were obtained. These values were all grouped together, 


and a regression coefficient was calculated for the regression of Q on ,J/t. 


The line of best fit so obtained is described by Equation (2), where ,/t is 
given in min? and Q in nmole: 


Q = 9-32,/t—3-54, (2) 


the s.£. of the coefficient being + 0-20. From this ‘olniian between Q and 


t, the diffusion coefficient in Ringer—Locke solution was calculated to be 
9-8( + 0-42) x 10-* cm?/sec, for 20+ 1° C. 

Diffusion at 36-5°C. For comparison, four experiments were per- . 
formed under similar conditions but at ‘body’ temperature, i.e. 36-5 + 1-5°C. 
Twenty-one pairs of values of Q and ,/t ere a line described by the 


following equation: 
Q = 11-44,/t+ 0-95, (3) 


in which the regression coefficient had a s.z. of +0-36. The consequent 
value for the diffusion coefficient in Ringer—Locke solution at 36-5 + 15° C 
was 14-8 (+ 0-93) x 10-* cm?/sec. 


Diffusion of ACh through the rat diaphragm 
Four experiments were performed, special attention being paid to the 
steady-state conditions rather than to the kinetics of diffusion. The aim 
was to find the apparent coefficient of diffusion on the assumption that the 
entire surface of the diaphragm exposed to the ACh solution was available 
for diffusion. The coefficient was calculated from 


de 


eye Q is the amount of ACh diffusing per unit time, dc/dx the uniform 
gradient of concentration across the diaphragm, A the area of the muscle 
exposed (1:29 cm?), and D’ the apparent diffusion coefficient. The con- 
centration of ACh in the solution on the upper surface of the muscle (C)) 
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varied between 5 x 10-5 and 5x 10-* o in different experiments; the ACh 
concentration in the external solution, in contact with the lower surface, 
was not allowed to rise above 1-2% of CQ). It was assumed that during 
steady-state diffusion the gradient of concentration was C,/L, L being the 
thickness of the diaphragm measured in frozen sections (see below). Q was 
estimated by assaying samples of the external solution for ACh. Q appeared 
to reach a steady level within 30 min, and although there were small varia- 
tions after that, they did not exceed 10-25 % over a further period of 1-3 hr. 
For calculating D’, values of Q were averaged out over a period of at least 
l hr, beginning 30 min after the start of the experiment. The resulting 
values of D’ ranged from 1-15 to 1-6x10-* cm?/sec, with a mean of 
1-4 x 10-* cm?/sec (at a temperature of 20+ 1° C). 

Thickness of rat diaphragms. Seventeen measurements were made of the 
thickness of diaphragms from six rats, all of body weight about 300 g. 
There was as much variation of thickness within one muscle as there was 
between different diaphragms. The mean thickness in frozen sections was _ 
0-94 mm, with an s.D. of + 0-036 mm. 


Kinetics of diffusion of ACh from the diaphragm | 

The outward movement of ACh (at 20+1°C) from diaphragms pre- 
viously equilibrated for 1-2 hr with 5 x 10-‘m ACh is shown on a semi-log. 
scale in Figs. 2 and 3. The four muscles of Fig. 3 had been cut from the 
ribs before soaking in ACh, whereas the five muscles of Fig. 2 had not. In 
both groups a straight line was drawn through the later, slow phase of out- 
ward movement and extrapolated to zero time. It seems that a certain 
proportion of the ACh in the muscle was unable to diffuse freely, either 
because it had entered muscle fibres, or because it was bound to some tissue 
component. In muscles not cut away from the ribs before soaking in ACh, 
the fraction of ‘slow’ ACh amounted to about 0-15; in those muscles which 
were cut away from the ribs the fraction was about 0-38. The initial phase 
of quick outward movement of ACh is also shown in each figure on an 
expanded time scale. These points were determined by subtraction of the 
slow component, and a theoretical diffusion curve for a plane sheet was 
fitted to the points of Fig. 2 by using appropriate values of Dt/l? (where 2/ 
is the thickness of the tissue) given by Hill (1928, Fig. 5). The same curve 
was also drawn through the fast points in Fig. 3; although it fitted only 
approximately, this was about as good a fit as could be obtained (for any 
value of D/l*) with the diffusion equation for a plane sheet, presumably 
because of the distortion causéd by diffusion from the cut end of the fibres. 
It may be noted that one half of the ‘free’ ACh was lost in about 1-5 min, 
and that the later, straight portion of this diffusion curve had a half-time 
of 2:4 min. If one takes the value of 9-8 x 10-* em?2/sec for D, which was 
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obtained as already described, the apparent value of / (the diffusion dis- 
tance) is 1-4 mm. 


Time (min) 


Percentage ACh remaining in muscle 


0:8 
0°6 


Time (min) 


Fig. 2. Rate of loss of ACh from rat diaphragms after prolonged soaking in 
5-10-*m ACh. Each point (O} is mean of 5 observations and vertical lines show 
+1xs.£. Straight line was drawn by eye through last six points. Fast initial com- 
ponent (@) was obtained by subtraction of straight line, and is shown on expanded 
time scale in upper right quadrant. A diffusion curve was fitted to these points by 
using value of 0-002 for D/l*. Semi-log. scale. 


ACh space inside the Be 


After soaking diaphragms in 5 x 10-*m ACh chloride for 1-2 hr at about 
20° C, the ACh diffused out into an ACh-free solution as shown above. In 
our initial experiments we relied on eserine to prevent destruction of ACh, 


but found that an appreciable amount of ACh was being lost. We therefore 


injected DFP into the rats before removing the diaphragms, and also 
added eserine to the soaking solution; this prevented any apparent loss of 
ACh in subsequent experiments. 

From the total amount of ACh which diffused out of these muscles, itis © 
clear that added ACh is not distributed freely throughout the muscle. In 
five diaphragms which remained attached to the ribs while soaking in ACh 
the mean ACh space was 29-0 (s.E. + 2-4) ml./100 g muscle. In four muscles 
cut away from the ribs before soaking in ACh the mean ACh — was 
substantially 37:7 + 0-8 ml./100 g. 
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Fig. 3. Rate of loss of ACh from rat diaphragms cut away from rib margin before 
prolonged soaking in 5 x 10-m ACh. Each point (O) is mean of 4 observations 
with +1xs.s. Fast initial component (@), obtained by subtraction, is shown 
on expanded time scale, with diffusion curve calculated by using D/l? = 0-002. 
Semi-log. scale. 


DISCUSSION 
Diffusion of ACh in agar gels 
_ There is good reason to believe that dilute agar gels do not slow down 
diffusion appreciably. Stiles & Adair (1921), studying the penetration of 
NaCl into 0-5 % agar gels, found no evidence of slowing caused by the agar 
particles. In fact, diffusion seemed to be slightly faster than the reported 
diffusion of NaCl in pure water; but, as they pointed out, this difference 
was probably illusory, arising from uncertainty about the real concentra-— 
_ tion of Na and Cl ions in the region of diffusion in the two cases. 

The relatively high value for D which we have obtained (9-8 x 10-* cm?/ 
sec) provides further reason for believing that diffusion was not appreciably 
slower in our experiments than it would have been in the absence of agar. 
Fatt (1954) has calculated a value for D of 8x 10-* cm?/sec from an | 
estimate of the limiting equivalent conductance of ACht+ at 18°C. At the 
ionic strength of Ringer-Locke solution one would expect this figure to be 
reduced by approximately 10%. There seems to be no obvious explanation 
why our figure is somewhat higher than this. It is unlikely that Cl- could 
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much accelerate the movement of ACh* in the presence of relatively high 
concentrations of other ions, which would prevent the generation of any 
appreciable diffusion potentials. 

The temperature coefficient of D between 20 and 36-5° C was about 2% 
per degree, which is of the usual order of magnitude. 

A slightly puzzling feature of the diffusion experiments at room nmin. 
ture was that the straight line which could regularly be drawn through 
graphs of @ against ./¢ rather consistently tended to cross the abscissae at 
some positive value of ¢. Reference to Equation (2), which describes the 


combined results, shows that at zero time Q was not zero but — 3-54 (with a 


s.z. of + 1-31); the probability of obtaining such a large deviation from 
zero by chance is only 0-01 (experiments at 36-5+1-5° C did not show a 
significant initial delay of diffusion ; the value of Q for zero time was 
0-95 + 1-11). 

It is of some interest that a similar delay at the beginning of diffusion 


_ was observed by Stiles (1920), whilst studying the penetration of NaCl into 


an agar gel. It seems that the surface of a gel exposed to the air has a 


_ somewhat reduced permeability, which slows initial diffusion when a 


solution is poured on to the gel. 


Outward diffusion of ACh from the diaphragm 

Not all the ACh which entered the muscle diffused out freely. A small 
fraction (some 10-20% of the total) only left the muscle with a half-time 
of about 30 min (Fig. 2). The remainder, however, moved out at a rate 
consistent with free diffusion in a system 50 % thicker than the diaphragms 
(1-4:0-94 mm). This would be in agreement with the possibility that ACh 
in the main does not enter the muscle fibres and that the fast component of 
outward movement represents extracellular diffusion slowed by closely 
packed impermeable cylinders. Theoretical considerations would lead one 
to expect the diffusion path to be lengthened by $7. Such good agreement 
with expectation is likely to be fortuitous; previous authors have found the - 


_ apparent extracellular diffusion path in muscle of ions such as Na* in- 


creased by substantially more than 37 (Harris & Burn, 1949; Keynes, 
1954; Creese, 1954), probably because other factors also interfere with free 
diffusion of ions in muscle. The rate of diffusion of ACh during the rapid 
phase of outward movement was 1-7 and 3-0 times faster than the outward - 


_ diffusion of }81I-labelled decamethonium and curare, respectively, observed 


by Creese, Taylor & Tilton (1959) in the rat diaphragm at 38° C. 
It can be concluded that at least 4/5 of the ACh added to a diaphragm 
diffuses out quickly, but it may, nevertheless, take some 7 min for the extra- 


- cellular ACh to be reduced to 1/10 of the initial amount. This may be of 


some significance for the function of muscle, particularly when the de- 
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struction of ACh liberated during activity is prevented by saturation of 
cholinesterases or through the action of drugs (cf. the eserine ‘slow wave’ 
of Eccles, Katz & Kuffler, 1942). Furthermore, even if ACh is destroyed by 
hydrolysis, there will be a temporary accumulation of choline which may 
have some physiological action (Hutter, 1952; del Castillo & Katz, 1957). 


Diffusion of ACh through the diaphragm 

The very low diffusion coefficient of ACh calculated from its movement 
through the diaphragm (1-4 x 10-* cm?/sec) also suggests that ACh was 
unable to diffuse freely through the muscle fibres. If we assume that the 
diffusion path through the full thickness of the diaphragm was increased 
by 50 %, the apparent value of D becomes 2:1 x 10-*cm?/sec. It would then 
follow that the area available for diffusion was only about 0-21 of the total 
area. 

| Distribution of ACh in the diaphragm 

Our results show that the ACh recoverable from muscles not separated 
from their ribs, after prolonged soaking, corresponds to a total ACh space 
of 29 ml./100 g of intact muscle. It is difficult to separate the diaphragm 
from its insertion into the costal margin without cutting the muscle fibres; 
this procedure usually causes the fibres to twitch and, when followed by 
soaking in ACh, results in a higher value for the ACh space, 37-7 ml./100 g 
(cf. also the very different estimates of the inulin space in the diaphragm 
made by Creese, 1954, and Pappius & Elliott, 1956). Extrapolating the 
slow phase of outward movement to zero time has shown that about 85 °% 
of the ACh is free to diffuse out from intact muscles. The extracellular or 
‘free’ ACh space in the diaphragm is therefore 0-85 x 29 or about 25 ml./ 
100 g of muscle, in excellent agreement with the mean value of 26-4 ml./ 
100 g obtained by Creese (1954) for the inulin space in the isolated dia- 
phragm. It may be objected that it is not justifiable to extrapolate in this 
way to zero time, because the rate of movement from the slow component 
should initially be much reduced by the high extracellular level of ACh 
(cf. Keynes, 1954, and Dainty & Krnjevi¢, 1955). Inspection of the results 
suggests that a value of about 12% (instead of 15%) might be a better 
approximation to the true slow fraction of ACh, but the scatter of data 
hardly justifies a more detailed analysis. In any case the exact value of 
the slow fraction is not at all critical; it could be anywhere between 0 and 
25% without materially affecting the conclusion that the free ACh space 
agrees quite well with the inulin space. 

The belief that ACh remains mostly outside the cells is thus supported 
both by the slowness of its diffusion through *the diaphragm, and its 
apparent distribution within it. This is, of course, not wholly unexpected ; 
direct measurements of the entry of labelled ACh into the squid giant axon 


{ Ne 
sic 
de 
po 
dif 
spt 
to 
19 
th: 
co 
of 
| | fib 
we 
of 
| tal 
fr 0 
ex 
slo 
the 
| es 
re 
| fib 


ACh DIFFUSION IN RAT DIAPHRAGM 571 


have shown only extremely slow penetration (Rothenberg, Sprinson & 
Nachmansohn, 1948), and the demonstration by del Castillo & Katz (1955) 
that ACh depolarizes the end-plate membrane only if applied to the out- 
side, and not the inside, of the muscle fibre is not consistent with a high 

degree of permeability. 
‘Slow’ ACh 

Few definite statements can be made about the nature of the slow com- 
ponent of ACh diffusion in the diaphragm, except that it is extremely 
unlikely to be ACh released spontaneously by the nerve endings. In the 
diffusion experiments over a period of 1-2 hr the slow component corre- 
sponded to 50-70 nmole of ACh; spontaneous release would not be expected 
to amount to much more than 0-1 nmole in that time (Krnjevi¢ & Mitchell, 
1960), and even maximal activation of the phrenic nerve would release less 
than 2 nmole in 2 hr (Straughan, 1960). It seems probable that the slow 
component represents some penetration of the muscle fibres, but we have 
not excluded the possibility that it may be caused at least partly by binding 
of ACh to some extracellular tissue component, or even to the surface of the 
fibres, perhaps at the receptor sites. 


SUMMARY 


1. The rate of movement of ACh from a Ringer-Locke-agar i into 
well-stirred Ringer—Locke solution corresponds to a diffusion coefficient 
of 9-8 (s.B. + 0-42) x 10-* cm?/sec at 20+1°C. 

2. Under steady-state conditions the diffusion of ACh across the rat 
diaphragm, from a solution containing a high concentration to one con- 
taining virtually none, occurs at a rate which is only 1/7 of that expected 
from diffusion in agar gels. 

3. After soaking the rat diaphragm in solutions of ACh (5 x 10-*m) for 

1-2 hr, 80-90 %% of the ACh in the muscle (‘free ACh’) escapes at the rate 
expected from simple diffusion; the remaining 10-20% leaves much more 
slowly with a half-time of about 30 min. 

4. The total ACh space in the soaked muscles is 29 (s.E. + 2-4) ml./100 g; 
_ the ‘free ACh’ space is about 25 ml./100 g and agrees well with previous 
estimates of the inulin space. 

5. It is concluded that all but a small proportion of the added ACh 
remains in the extracellular space of the muscle; the rest may enter the 
fibres or may be ‘bound’ to some component of the tissue. 
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'MECHANICALLY EXCITABLE RECEPTOR UNITS IN THE 
MANTLE OF THE OCTOPUS AND THEIR CONNEXIONS 


By J. A. B. GRAY* 


From the Department of Zoology, University of California, 
Los Angeles, United States of America 


(Received 25 May 1960) 


The opportunity of a short visit to Los Angeles was taken to investigate 
the central connexions of mechanically sensitive receptor units in the 
mantle of Octopus. This preparation offers an example of the organization 
of receptor units, which is suitable for study because there are many 
similar stellar nerves converging on each stellate ganglion and the ganglion 
is connected to the rest of the central nervous system by a long pallial 
nerve or mantle connective. The anatomy of this system in Octopus vulgaris 
has been described by. Sereni & Young (1932). Figure 1, kindly prepared 
| by Professor J. Z. Young, summarizes those connexions of primary 
receptor neurones for which there is evidence. The receptor neurones 
include those having mechanically sensitive receptors in the skin and in 
the muscle of the mantle wall; evidence for the existence of such receptors 
and some of their properties are described in the first section of the results. 
The axons of these neurones, which have their cell bodies in the periphery, 
tun to the brain (Sereni & Young, 1932). There is evidence that mechani- 
| tally sensitive receptor neurones from both skin and muscle give off 
branches in the stellate ganglia and that these branches make synaptic 
contact in the ganglia, either directly or indirectly, with motor neurones. 
These motor neurones have their cell bodies in the stellate ganglia and 
send their axons to the muscles of the mantle but not to the chromatophore 
} muscles (Sereni & Young, 1932). The existence of reflex connexions in 
these ganglia has been discussed and disputed in the past and is considered 
in the discussion; results supporting the general concept and describing 
some of the properties of connexions between mechanically sensitive 
receptor neurones and motor neurones are given in the second section of 
the results. The motor neurones are also connected with neurones descend- 

ing from the brain: the behaviour of some of these descending neurones’ 
and the way their activity is influenced by activity in receptor neurones are 
considered in the third section of the results. The final section of results 


* Present address: Department of Physiology, University College London. 
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describes some experiments designed to test a possible explanation of 
the function of the observed central connexions of mechanically sensitive 


receptor units. 
C.N.S. 


e.C.N.S. 


rn. 

Fig. 1. Diagram of the innervation of the mantle of an Octopod. C.N.S., cireum- 
oesophageal ganglia; e.C.N.S., efferent from C.N.S.; m.c., mantle connective; 
m.n., motor neurone; mus., mantle muscles; n.musc., nerves to mantle muscles; 
r.n., receptor neurone; st.g., stellate ganglion; st.n., stellar nerve. Presynaptic 
terminals are indicated by small filled circles. The cell bodies of neurones on the 
motor side are shaded; the cell bodies of the receptor neurones are unshaded 
(by courtesy of Professor J. Z. Young). 


METHODS 


The experinents were performed on one or both of two species of Octopus, which are 

- common on the south Californian coast, Octopus bimaculatus and Octopus bimaculoides. The 

species are not easy to distinguish and no attempt to do so was made. The results showed 
no inconsistencies which might be attributed to a species difference. 


Three types of preparation were used. One was a preparation of mantle, stellate ganglion — 


and connective; this preparation was isolated from the head and visceral mass after killing 
the animal by cutting into the brain. A second was an anaesthetized preparation; anaesthesia 
was induced in a 1-2% solution of urethane in sea water and maintained, so that the 
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animal was quiescent and breathing regularly, with a 0-5% solution. The third type of 
preparation was one in which the optic and supra-oesophageal lobes of the brain were 
removed under urethane anaesthesia and the anaesthetic then allowed to pass off. It must 
be remembered that in a gill-breathing animal urethane is exchanged through the gill mem- 
branes and the depth of anaesthesia can be controlled by changing the concentration in the 
sea water. Even after several hours of anaesthesia an animal transferred to fresh sea water 
will revive after 5-10 min. 

Nerve impulses were recorded with an amplifying and oscilloscope system which had an 
input impedance of 10 MQ) and a frequency response limited to give the best signal-to-noise 
ratio for indicating the presence or absence of impulses. The electrodes used were either 
stainless-steel forceps or entomological pins. No. special equipment was prepared for 
mechanical stimulation; the mantle was touched or pressed with a rod, point or bristle; 
in some experiments it was stretched with forceps and in others a weight was placed on it. 
Electrical stimuli were brief pulses provided from a low impedance source. 


RESULTS 


Receptor units in the mantle. Mechanical stimulation of the mantle 
_ caused a discharge of impulses in the peripheral stumps of cut stellar 
nerves. After removing the skin from the outside and the lining of the 
mantle cavity from the inside of the muscles, activity could still be 
obtained in these nerves in response to mechanical stimulation, though 
the number of active units was less than when the skin was present. 
Most of the subcutaneous connective tissue was removed with the skin, 
but except for a few preparations some remained on the outside of the 
muscle; the mantle cavity surface of the muscle was usually stripped 
bare. When all the subcutaneous connective tissue had been removed 
some activity was still seen; but stronger stimuli were required to initiate 
it. 

In some experiments the stellar nerves were divided until single receptor 
units could be identified. When both skin and muscle were present the 
majority of units were found to adapt rapidly to a maintained force 
provided by a weight. These units all had receptive fields about 0-5-1-0 cm 
across. Some units, after an initial decline in frequency, maintained a 
discharge of impulses throughout the period of test (Fig. 2). It is unlikely 
that these maintained discharges were due to vibration of the load, since 
tapping the table, while the preparation was loaded, had no seomnaptas on the 
observed activity. 

The responses of the single units obtained from sia tis from which 
the skin had been stripped were all phasic in type. No maintained dis- 
charges were obtained either in response to a steady pressure or to a 
_ stretch. This failure to find tonic units cannot be taken as evidence that 
they do not exist, partly because the sample studied was small and partly 
beceuse removing the skin must be presumed to cause some damage to 
the receptor units or to tissue near them. The receptive fields of the units 
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found in these preparations were somewhat larger than those found when 


the skin was present, being about 1 cm across. | 
Connexions of receptor units in the stellate ganglion. A discharge of 
impulses in the central stump of a cut stellar nerve could be initiated by 
mechanical stimulation of an area of mantle both before and after stripping 
away the skin. These responses could only be obtained with ease when the 
mechanical stimulation was applied in a localized area, perhaps 1—2 cm 
diameter, in that region of the mantle which would have been supplied 
by the nerve from which the recording was being made. Even without 
quantitative means of mechanical stimulation it was clear that the force 


Fig. 2. Impulse discharge in a tonic receptor unit of the mantle (skin and muscle 
present). The skin side was loaded with 9-7 g at the beginning of the discharge in a. 
b, still loaded after an interval of 27 sec. c, time 0-1 sec. There was no activity before 
loading. 


~eequired to set up a discharge in the central end of a cut stellar nerve was 
considerably greater than that required to initiate a discharge in a peri- 
pheral stump. This suggested that the discharge in the central stump 
was a reflex discharge in motor fibres and not simply a centrifugal dis- 
charge in another branch of the same receptor neurone; it also suggested 
that there was some convergence on the motor neurones. The first con- 
clusion is supported by the fact that the muscle could be seen to contract 
when the mantle, isolated from the brain, was stimulated mechanically. 
Furthermore, mechanical stimulation of the mantle could facilitate the 
response seen in the central stump of a stellar nerve after electrical 
stimulation of the connective (pallial nerve) (Fig. 3). In this experiment 
a brief electrical shock was applied to the connective once every 2 sec and 


the stimulus strength adjusted till the response was just visible (Fig. 35). | 


Touching the mantle in the correct area immediately before the shock 
regularly caused a large increase in the area of the record of the response 
and a reduction in the latency (Fig. 3c); in the experiment illustrated in 


« 
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Fig. 3 this was 3 msec. The response to the mechanical stimulus per se can 
be seen in the increase in base-line activity before and after the electrically 
excited response. Increasing the frequency of the electrical stimulation 
of the conneg¢tive also caused a large increase in the area of the record of 
the response, thus confirming the observations of Bullock (1952) and Wilson 
(1960) on the octopus (Octopus bimaculatus and bimaculoides). These 
results indicate that there must be connexions between primary receptor 


Fig. 3. Facilitation by mechanical stimulation of the mantle of the post-ganglionic 
response to electrical stimulation of the mantle connective: a, time 10 msec; 
b, response to electrical stimulation of the connective alone; c, response to the same 
‘stimulus during mechanical stimulation of the mantle, the effect of the mechanical 
stimulus alone can be seen before and after the electrical stimulus. 


neurones and the motor neurones of the stellate ganglion; also that there 
is convergence which may be either between primary receptor neurones, 
or between these neurones and others which descend from the brain, or, 
perhaps most likely, both. The experiment just described cannot, however, 
justify the conclusion that there is convergence with descending fibres, 
because the electrical stimulus may have been activating receptor fibres, 
which run up the connective after giving off branches that form synapses 
with the motor neurones of the ganglion. 
_ Experiments were performed to see if there were connexions with 
descending neurones. The activity of single motor units was identified by 
37-2 
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stripping down the central stump of a stellar nerve in preparations in 
which the ganglion was left connected to the brain and from which the 
optic and supra-oesophageal lobes had been removed. Units in the stellar 
nerves were found that responded rhythmically either with each inspiration 
or with each expiration. On two occasions a unit, which had fired in 
relation to breathing until the connective was cut, appeared to be excited 
by mechanical stimulation of the mantle after the connective had been cut. 
The words ‘appeared to be’ have been used in the last sentence since the 
records were not obtained from anatomically isolated singlé fibres and 
the spikes could not be identified with certainty as arising from the same 


Fig. 4. Activity in units of the mantle connective connected centrally and cut 
below the electrodes. a, normal breathing, one typical cycle, inspiration marked 
by reduced amplitude of time trace (0-1 sec); b, cessation of activity during 
touching (at each reduction of signal amplitude); c, funnel clamped—note pro- 
longed expiration. Phases of respiration not marked. — 


unit. It is probable that branches from primary receptor neurones con- 
verge in the ganglion together with fibres descending from the brain and 
facilitate the activity of those motor neurones which supply muscles in 

_ the region of the receptors. No inhibition was ever seen, but its existence 
cannot be excluded. 


Connexions of receptor wnits with respiratory and other neurones in the 
brain. Records were obtained from single units which had been dissected 


from the central stumps of cut connectives. Some units fired during 
inspiration and some during expiration. Figure 4a is a record in which two 
units stood out, one firing in each of the phases of breathing. In no 
experiment was a unit seen to fire during both phases. 

Mechanical stimulation of the mantle influenced this activity in a number 
of ways. The respiratory rhythm might cease altogether (Fig. 4b), or it 
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_ might increase in frequency and in the intensity of each burst. A common 
response to mechanical stimulation of the mantle, however, was a discharge 
of nerve impulses in the connective that was unrelated to the respiratory 
rhythm. It seemed that some at least of these units did not take part in 
the rhythmical activity, but further experiments would be required to 
prove that these groups of neurones are completely dissociated. 

Mechanical stimulation of the mantle was found to influence the activity 
of those neurones firing in phase with respiration but such activity was 
not necessary to the development of the rhythm. Rhythmical activity was 
- recorded from the central stump of the connective when it was connected 
only to the posterior half of the suboesophageal lobes, the remainder of 
the brain had been destroyed and these lobes, together with the stump of 
one connective, had been isolated from the rest of the animal except for 
the surrounding cartilage. The frequency. of the rhythm was little changed 
either by cutting the nerves which carry the receptor fibres from the mantle 
and the visceral mass, or by isolation of part of the brain as just described 

(ef. Mislin, 1955). 
Clamping the prevents the of water from the mantle 
cavity and this procedure increased the duration of the impulse discharge 
of expiratory units (Fig. 4c); this procedure was only tried when the 
peripheral nerves were connected to the brain. : 

Physiological function of mechanically sensitive receptors of the mantle. 
Three experiments were performed in which stellar nerves were found 
through small openings in the outside of the mantle. The peripheral 
stumps of these nerves could be prepared for recording without breaking 
the continuity of the lining of the mantle cavity. The animals used were 
either anaesthetized or had had their optic and supra-oesophageal lobes 
removed. Recordings were made from whole peripheral stumps, which 
responded to mechanical stimulation of the skin with a vigorous discharge 
of impulses. No impulses were ever seen during normal breathing. . 

Clamping the funnel caused a prolonged expiratory effort, but even 
_ under these conditions no impulses were ever seen in receptor units from 
the mantle. It was thought that, if stretching the mantle were a physio- 
logical stimulus and if receptor activity controlled the uniformity of the 
mantle contraction, then activity in receptor units should be at a maximum 
in a part of the mantle that was not itself contracting. In order to achieve 
this situation, the connective was cut on the side from which the recording 
_ was being made. No impulses were seen in any receptor unit either during 
-hormal breathing movements or during forced expiration induced by 
clamping the funnel. 
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DISCUSSION 


Mechanically sensitive receptor units have been found, not only in the 
skin, but also in other parts of the mantle. The receptors responsible for the 
activity found in skin preparations may be associated with the cells de- 
scribed by Mikhailoff (1921) and Sereni & Young (1932) in the outermost 
layers of the muscle; in such a position the receptors would be liable to 
damage during the removal of the innermost layers of the subcutaneous 
connective tissues, and this could explain the reduction of activity found 
when these layers were removed. The presence, in the stellate ganglia, of 
connexions which allow mechanically excited receptor units to facilitate 
or even activate neighbouring motor neurones suggests that there might 
be a feedback mechanism for ensuring that the contraction of the mantle 
muscle was always uniform. However, the absence of activity in any 
receptor units in the mantle during breathing movements under any of 
the conditions tried would seem to exclude this hypothesis: Young (1939) 
has shown that there are mechanisms of a different type that ensure 
uniform contraction in the squid mantle. 

There has been a long controversy as to whether or not ‘hee are reflex 
connexions in the stellate ganglion. Frohlich (1910) and Ten Cate (1929) 
using Octopus vulgaris both produced evidence in favour of a reflex con- 
nexion. Others (see Sereni & Young, 1932) came to the opposite conclusion. 
Sereni & Young (1932) thought that an axon reflex had not been excluded. 
Recent work by Wilson (1960) supports the reflex hypothesis. The evidence 
presented in this paper, particularly the evidence that the post-ganglionic 
response to stimulation of the mantle connective can be greatly facilitated 
by mechanical stimulation of the mantle, confirms the view that mechani- 
cally sensitive receptor units make Synaptic connexions in the stellate 
ganglion. 

The connexions between receptor units and motor neurones in the 
ganglion are such as to give a powerful local facilitation. If the receptor 
units running in the nerve from which the recordings were made could 
have been left uncut, it is probable that the effectiveness of the facilitation 
would have proved greater still. When the hypothesis of stretch reflexes 
already discussed is discarded it is difficult to understand the physiological 
significance of this localized connexion. Touching the mantle of a normal 
unanaesthetized animal does not appear to produce any irregularity in 


the contraction of the mantle; usually no response is observed until the 


animal moves away, and it is clear that factors other than the mechanical 
stimulation of the mantle skin play a part in this over-all response.’ If the 
animal swims away, using its mantle for the purpose, the contractions are 
apparently symmetrical, as one would expect: it would, however, require 
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high-speed photography to be certain about this. The reflex may be 
associated with the animal’s habit of living in rock crannies, but there is 
no evidence to support this suggestion. 

The finding that there are separate units in the connective that are 
active in inspiration and in expiration might be expected after the findings 
of von Uexkiill (1895) on EHledone and Boycott (1960) on Sepia that in- 
- gpiration and expiration can be excited separately by stimulation of the 
brain. It is interesting that separate channels are used between the brain 
and the ganglion to initiate the two phases of breathing rather than a 
single channel with a frequency code; the latter would be economical in 
_ space but would be less reliable and reliability in such an important 
function must be of great importance for survival. The rhythm of breathing 
is determined in the brain and is not significantly affected by cutting off 
the inflow from receptors; this is not surprising in view of the failure to 
detect any receptor activity during breathing movements. 

The organization of the mechanically sensitive receptors of the mantle 
in relation to the motor control of the mantle muscle is a problem that 
could be worked out in detail. Even though the biological significance of 
these connexions is still obscure, such an investigation might lead to a 
greater understanding of the general principles underlying the — 
organization of receptor nervous systems. 


SUMMARY 


1. Phasic receptor units responding to mechanical stimulation of the 
skin and of the muscle of the mantle of Octopus have been observed. Tonic 
units were found in the skin. 

2. Units from skin and muscle have reflex connexions in the dilate 
ganglia and converge with other fibres on to motor neurones. Reflex re- 
_. sponses are concentrated in the region adjacent to the point of stimulation. 

3. Units active in inspiration and units active in expiration are found 
in the mantle connectives (pallial nerves). The rhythm is little affected by 
cutting the mantle and visceral connectives or by isolation of the posterior 
parts of the infra-oesophageal lobes. The activity of these units and prob- 
_ ably of others is affected in a number of ways by mechanical stimulation 
the mantle. 

4. Receptor units in the mantle do not fire during quiet breathing or 
under experimental conditions designed to increase the stretch of the 
receptors, 

5. The system investigated does not appear to control the uniformity 
of the contraction of the mantle, and its functional ‘significance is still 
unknown. 
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_ Inhis analysis of retinal ganglion cells in different mammals, including the 
cat, Granit (1947, 1955) found that diffuse illumination of the retina gave 
rise to three types of responses: depending on the type of discharge the 
different ganglion cells were called ‘on’ units, ‘off’ units and ‘on-off’ units. 
The discharges were similar to those previously found by Hartline (1938) 
‘in the frog. Using small-spot stimulation, Kuffler (1953) has shown that 
on the basis of their receptive field organization there are only two types 
of ganglion cells in the cat retina. One gives ‘on’ discharges when the 
centre is stimulated and ‘off’ discharges to illumination of the periphery 
of the receptive field. The other type shows the reverse arrangement with 
‘off’ responses in the centre and ‘on’ responses in the surrounding area. 
The ‘on-off’ response to diffuse illumination is the result of a combined 
contribution from the centre and periphery of receptive fields. Kuffler 
also showed that the central and peripheral portions within each receptive 
field are mutually antagonistic. These findings in the cat have subsequently 
_ been extended and confirmed (Barlow, FitzHugh & Kuffler, 1957 a a, b; 
Wiesel, 1958; Hubel, 1960). : 

The main object of the present study of retinal ganglion cells was to 
examine the size of field centres and the modification of discharges by 
inclusion of the surrounding area. The method of Barlow (1953) using 
light spots of different sizes and measuring thresholds for influencing the 
discharge from individual ganglion cells was found most useful. This area—__ 
threshold technique revealed striking differences between individual 
ganglion cells and between cells in the area centralis and the periphery of 
the retina. A preliminary account of some of this work has been published 
(Wiesel & Brown, 1968). 

METHODS 


A detailed description of the method used in these experiments has recently been given 
(Brown & Wiesel, 1959). Twenty-six cats were kept under light anaesthesia with intraperitoneal 
injoctions of sodium pentobufbital (initial dose 20-30 mg/kg) and Dial (allobarbitone ; Ciba) 


* The work reported here was done at the Wilmer Institute, Johns Hopkins wuwecred 
Scnool of Medicine, Baltimore, Maryland. 
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with urethane (initial dose 0-25 ml./kg). The eyes were immobilized by continuous intravenous 
infusion of succinylcholine (about 10 mg/kg/hr), which made artificial respiration necessary . 
Atropine in 1% solution was used to dilate the pupils and relax accommodation. The 
corneas were kept moist and clear with contact lenses and buffered lens solution. 

The multibeam ophthalmoscope of Talbot & Kuffler (1952) was used for stimulation. This 
provided a steady background retinal illumination of 0-34 log lm/m?* over an area 4 mm 
(16°) in diameter. Stimuli consisted of spots of light of various sizes with a maximum intensity 
of 1-85 log lm/m?. Intensity of illumination was regulated by circular wedges. Spot sizes. 


centred in the area under background illumination, varied in steps from 0-125 mm (0-5°) to 


3 mm (12°) in diameter. The spots and background could be positioned in different regions 
of the retina. 

Electrical recordings from the retina of the intact eye were made with micro-electrodes, 
guided through the sclera by a hypodermic needle, approaching the retina from the vitreous 
side. A ball-joint arrangement made it possible to direct the electrode to different parts of 
the retina (Talbot & Kuffler, 1952). The electrode was advanced by a hydraulic system. Two 
types of electrode were employed. The most commonly used were 3M-KCi-filled glass 
micropipettes with tip diameters less than 0-5 u and d.c. resistances of 15-30 MQ. The other 
type was a 10-15 p» glass- insulated platinum electrode similar to that developed by Granit & 
Svaetichin (1939). A negative-capacitance pre-amplifier with a grid current of 5 x 10-12 A 
was fed into a wide-band a.c.—d.c. “amplifier which was connected to an oscilloscope. 

The threshold of a stimulus spot was given by the lowest intensity of light which produced 
a clear and repeatable change in the maintained impulse activity. The change in discharge 
frequency was detected by observing the impulses on an oscilloscope and by listening to a 
loudspeaker. Each stimulus lasted 0-8 sec and was repeated every 10sec. Several wedge 
readings were taken, first with increasing and then with decreasing spot sizes. Adaptive 
effects due to the recurrent stimulus were not observed, presumably because the background 
illumination was well within photopic range. 


RESULTS 

Receptive field size 
Single-unit activity was recorded from a few hundred ganglion cells in 
various regions of the cat’s retina. Micropipettes recorded this activity 
within the retina at depths up to 30-40» (Brown & Wiesel, 1959), whereas 
platinum electrodes only recorded from the surface of the retina. Cells 
were continuously active during steady background illumination; this 
maintained activity showed great variation from unit to unit (Kuffler, 
FitzHugh & Barlow, 1957). After a ganglion cell was located its receptive 
field was first mapped out by the smallest spot that gave clear on- or off- 
responses. Each receptive field had a centre more or less circular in shape, 
surrounded by a peripheral zone. The total receptive-field sizes including 
both centre and periphery were usually 2-3 mm in diameter. On- and off- 
centre units were recorded in about equal numbers both from the area 

centralis and from the periphery of the retina. 
The size of receptive field centres was determined by the area-threshold 
method. As the size of a centred spot increased, the threshold for the 
centre response usually decreased; similarly if the stimulus intensity 
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was kept constant the centre response itself increased. Thus, there was 
summation over this area. Increasing the spot beyond the size of the field 
centre did not cause a further lowering of threshold, but, on the contrary, 
the threshold actually rose as more of the periphery was included (Barlow 
et al. 19575). 
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Fig. 1. Changes in threshold of centre responses with area of illumination measured 
for four different ganglion cells, all ‘on’-centre units. Abscissa: spot diameter. 
Ordinate: threshold, relative logarithmic scale: 0 corresponds to a stimulus of 
2-35 log lm/m*. Background retinal illumination 0-34 log lm/m?*. Stimulus duration 
0-8 sec. 


The relation between stimulus size and response was mainly studied 
with threshold stimulation. However, similar results were obtained by 
using supra-threshold stimuli of constant intensity and measuring latency 
and impulse frequency for different spot sizes (see also FitzHugh, 1957). 
Because of the effects of scattered light, measurements at more than about 
2 log units above threshold intensities were considered unreliable. 

Figure 1 gives a representative sample of area-threshold curves from 
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which the sizes of receptive field centres can be determined. For cell A there 
was summation of centre responses up to 1 mm. , i.e. its centre area was about 
1mm in diameter. In B the centre response summed over 0:5 mm, while 
in C the area was 0-25 mm in diameter. The ganglion cell of Fig. 1D had 
its lowest threshold for the smallest available spot, 0-125 mm in diameter. 
The optimum spot for ganglion cell A (Fig. 1) was thus sixty-four times 
that of cell D. Since the spot sizes were varied in fixed, rather coarse, steps, 
this ratio may not accurately reflect the ratio of the receptive field centre 
areas. However, it is clear that the centre areas must be strikingly dif- 
ferent in size. 

The antagonistic influence of the periphery of the receptive field on the 
centre can also be seen in Fig. 1. There was a rise in threshold of centre 
response as more of the surround was included in the area of illumination. 
The amount of this peripheral suppression of centre response varied from 
one cell to another. In the cell of Fig. 1D the difference in threshold for a 
spot 0-125 mm in diameter, illuminating only the centre, and a 2 mm spot 
covering the whole receptive field, was about 2-5 log units. The cells in B 
and C showed less peripheral suppression, and the cell in A with the 
_ largest centre showed only a small difference in threshold between centre 
and whole-field illumination. 

For the units of Fig. 1, when the spots were increased berend 2mm in 
diameter there was no further change in threshold for the centre response. 
Presumably the spots were now larger than the receptive fields. Sizes of 
receptive fields measured by the area-threshold method agreed reasonably 
well with those obtained by mapping fields with small spots. Thus the 
total field diameter for each of these four ganglion cells was about 2 mm, 
_ despite the differences in centre size. Obviously, cells with smaller centres 
have relatively larger peripheral zones (as seen in Fig. 1) and ganglion cells 
with larger centres have narrower peripheral zones. 

In comparing receptive fields striking differences were thus found in the 
size of centre portions, Cells were therefore divided into groups according 
to the size of centre areas and were studied by illumination of (1) only the 
centre portion and (2) both centre and periphery. In Fig. 2, eighty ganglion 


Fig. 2. Eighty ganglion cells divided into five groups depending on sizes of the 

receptive-field centres, Abscissa: diameter of centre area (optimum spot). Stimulus 

parameters same asin Fig. 1. A. Distribution of threshold values of centre responses 

with illumination.confined to the centre portion of thé receptive field (optimum spot — 
stimulation) ; ordinate: log. relative threshold. B. Distribution of threshold values 
of centre responses for the different groups on stimulation of both centre and 
periphery (whole-field illumination). Stimulus spot %mm in diameter. Ordinate: 
log. relative threshold. C. Ordinate: the ratio, taken for individual ganglion cells, 
of threshold values at whole-field illumination to threshold values at optimum 
spot stimulation. 
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cells are divided into five groups according to the size of the optimum spots; 
these groups are marked on the abscissa. Threshold intensities of optimum- 
size spots are shown in A. Threshold values were scattered over about 
1 log unit for ganglion cells in the same group. All groups had this scattering 
and there seemed to be no systematic variations of threshold with size of 
optimum spot. This would indicate that if illumination is restricted to the 
centre region of receptive fields the sensitivity is not related to the size of 
the centre. These measurements were all made in the light-adapted state, 
_ well within the photopic range of background illumination: the situation 
may be quite different in the dark-adapted state. 

At whole-field illumination, or diffuse light stimulation, when centre and 
periphery were stimulated simultaneously, differences in thresholds for 
centre responses (‘on’ or ‘off’, depending on the cell) varied with the 
size of the centres. In Fig. 2B a spot 3 mm in diameter was used, and 
threshold values were plotted for the same groups of ganglion cells as in 
Fig. 2A. It is clear that to obtain a response with such a large spot a 
strong stimulus was necessary if the centre of the receptive field was small. 
Ganglion cells with large receptive field centres, on the other hand, were 
influenced at much weaker intensities; threshold values for whole-field 
illumination could be as much as 2 log. units lower for large centre com- 
pared with small-centre ganglion cells. 

The differences in sensitivity between centre-field and whole-field 
illumination were usually not great for large-centre ganglion cells, indicat- 


ing weak antagonism from the periphery of the receptive field. The small- — 


centre ganglion cells, however, showed strong peripheral suppression of 
centre responses. This suppression of centre responses from the periphery 
of the field is also expressed in Fig. 2C. Here the ratio- between threshold 
values for the spot covering the entire field (B) and for the optimum spot 
(A) is taken for the ganglion cells in the different groups. The ratio is large 
when the antagonism from the periphery is large, and approaches unity as 
the peripheral influence on the centre response becomes insignificant. In 
other words, ganglion cells with small centre areas have a high ratio and 
this ratio tends towards unity with increasing centre areas. 


Peripheral-type responses 

So far only centre responses from ganglion cells have been considered. 
That is, in determining thresholds attention was focused on the ‘on’ 
response for ‘on’ centre units, and on the ‘on’-suppression and ‘off’ 
discharge for ‘off’ centre units. If, for instance, in an ‘on’ centre unit, an 
‘off’ discharge developed as the periphery was invaded, this part of the 
response was ignored in determining thresholds. For each ganglion cell, 
however, responses from the periphery of the receptive field can be tested 
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in the same manner as for the centre. The periphery was stimulated by 
annular stimuli, i.e. rings of light which did not illuminate the centre. The 


outside diameter was kept at 3 mm, centred on the field, and the inside 


diameter was constricted so as to include more and more of the receptive 
field. In Fig. 3 threshold values are shown for a ganglion cell stimulated by 
spots and annuli. The solid line represents the area—threshold curve for the 
centre response as already described in Fig. 1. The broken line shows the 
threshold values of the peripheral response for different sized annuli. The 
inside diameters of the annuli are plotted on the abscissa together with 
spot diameters, so that for the annulus the area of stimulation increases 
when reading the curve from right to left. Both types of responses showed 
summation within their respective regions: the centre response summed 


within an area of 0-5 mm in diameter, whereas the summation of the 


peripheral response was over an area given by an annulus of 0-5 mm inside 
and 3 mm outside diameter. The presence of mutual antagonism can also 
be deduced from the two curves: the threshold of the centre response in- 
creased when the stimulus spot invaded the periphery of the receptive 
field and similarly the peripheral response had higher threshold when the 
annulus included part of the centre in the area of illumination. 

For annuli of optimum size the threshold values for peripheral responses 
were always higher than thresholds obtained with optimum spots for 
centre responses (see Fig. 3); sometimes this difference between centre and 
peripheral thresholds was very small. Some ganglion cells gave ‘on-off’ 


- Tesponses to whole field illumination at threshold intensities. This was 


true for both ‘on’ centre and ‘off’ centre units but was somewhat more 
common for ‘off’ centre units. Since the thresholds of centre and periphery 
may be equal or almost so, it is not surprising that ‘on-off’ responses are 
often encountered at whole-field illumination (Granit, 1947). 


Comparison of ganglion cells in the area centralis and in 
the periphery of the retina 


The area centralis in the cat is homologous with the foveal region of 
certain other species. It can be recognized by the relative absence of : 
vessels, by the radial arrangement of surrounding vessels and by dif- 
ferences in pigmentation. There are also electrical criteria for finding the 
area centralis. Thus a platinum electrode touching the peripheral retinal 


_ surface records mass discharges from non-myelinated axons, which are just 


under the inner limiting membrane. These axons are from more peri- 


_ pherally located ganglion cells on their way towards the optic disk. The 


area centralis is practically free from such ‘ passing’ fibres and consequently 
no mass discharges of axons are recorded from this region. These different 
criteria made it possible to position an electrode either within the region 
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for central vision or else in clearly peripheral parts of the retina. No com- 
parison was made between different parts of the periphery, and only that 
region of the retina which has a tapetum was studied. 

The over-all receptive field diameters measured with the area-threshold 
method were between 1-5 and 3 mm, but no striking differences in total 
field size were found between cells in the area centralis and the periphery 
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Fig. 3. Area-threshold curves for both centre- and 1 tn the responses of a 
ganglion cell recorded in the middle periphery about 15° froga the area centralis. 
Abscissa: diameters of spots evoking centre-type responseg-ér inside diameters of 
annuli producing peripheral-type responses. Outside iether 3 mm for all annuli. 
Ordinate: thresholds, relative log. scale. Stimulus conditions as in Fig. 1. 


—-, srea-threshold curve for centre-type response; area-threshold curve 
for peripheral-type response. 


of the retina. In contrast, the sizes of centre portions of receptive fields 
showed a difference in distribution between the two retinal regions. In 
Fig. 4A ganglion cells are again grouped according to the area over which 
the centre response summed. In each group the white columns represent 
units from the area centralis and the black columns units with receptive 
fields in the periphery of the retina. Eighty-two units are included in the 
histogram : forty-nine of these are from the area centralis, and thirty-three 
from the periphery. The majority of ganglion cells from the area centralis 
summed only over an area up to 0-25 mm in diameter, whereas most cells 
from the periphery showed summation over a larger area. 
In the lower histogram (Fig. 4B) are included eighteen cells from the 
area centralis (white columns) and seventeen cells from the periphery 
(black columns) all of which were recorded with platinum electrodes. With 
this electrode, as with the pipette, the centres of cells from the area centralis 
tended to be smaller than those of cells recorded in the periphery. How- 
ever, the much larger platinum electrode did not record ganglion cells 
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with centres smaller than 0-5 mm in diameter ; these were quite frequently 
found with 
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Fig. 4. Distribution of receptive field centres with respect to diameter. White 
columns indicate cells recorded in the area centralis, black columns, cells from the 
periphery of the retina. Abscissa: diameter of centre of receptive field. Ordinate: 
_ number of cells. A. Eighty-two ganglion cells recorded with micropipette electrodes ; 
_ forty-nine are from the area centralis and thirty-three from the periphery. B. 
Thirty-five cells recorded with platinum electrodes ; eighteen ses the area centralis 
and seventeen from the periphery of the retina. 


DISCUSSION 


A comparison of single unit responses in the visual system of the cat 
indicates that the balance between excitatory and inhibitory influences 
_ becomes more critical at successively higher levels (Hubel & Wiesel, 1959). 
A similar trend was observed in this study for ganglion cells if central and 
peripheral regions were compared. It was, for example, found that in 
order to be influenced by diffuse light ganglion cells in the area centralis 
required much more intense light than peripheral cells. This does not 
necessarily mean that ganglion cell responses in the area centralis are 
genuinely less sensitive to any light stimulation, since if only the centre 
portions of cells in the two regions were illuminated they had similar 
sensitivity. This is probably related to the fact that ‘ganglion cells in the 
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area centralis tend to have small but concentrated centre portions and 
relatively large, strongly antagonistic peripheral zones. Ganglion cells in 


the periphery, on the other hand, tend to have larger centres and relatively _ 


narrow and less influential surrounds. It should be noted that these 
findings apply to the light-adapted retina only. In darkness the relative 
influence of the surround is diminished or may disappear (Barlow et al. 
19576; Wiesel & Brown, 1958). 


The relatively large receptive fields, 6° to 12° in diameter, found for — 


ganglion cells in this and previous studies (Kuffler, 1953; Barlow et ai. 
19576) would seem at first sight difficult to reconcile with the high visual 
acuity of the cat (Smith, 1936). However, the important dimension of 
receptive fields from the standpoint of acuity is probably the size of 
the centre portion. In these experiments the smallest available spot had 
a diameter of 30 min; ganglion cells with smaller centre regions, which 
may be abundant, could not be studied. Receptive fields with small 
centres have been found in retinal ganglion cells in the spider monkey 
by a projection method of retinal stimulation (Hubel & Wiesel, 1£69). 
No recordings were made from foveal ganglion cells but units with recep- 


tive fields close to the fovea had centre diameters down to 4 min of arc. 


Further away from the macula the centre diameters became progressively 
larger. Thus the receptive field centres of foveal ganglion cells in the 
monkey may approach in size the minimum separable acuity of about 
1 min of arc, determined for primates with a well developed fovea (Grether, 
1941). In a discussion of possible mechanisms in high-acuity vision not 
only the centre size should be considered; the antagonistic peripheral 
portion of receptive fields is probably equally important. Peripheral sup- 
pression of the centre response renders big spots relatively ineffective ; 
centre-size spots thus become the most powerful stimuli. Furthermore, a 
sharp border between centre and periphery of receptive fields is very likely 
significant for good visual performance, particularly in respect to moving 
images, where movement from an ‘off’ to an ‘on’ region is doubtless a 
powerful stimulus (Hubel & Wiesel, 1959). 5 

In recordings from retinal ganglion cells in the cat Rushton (1949) con- 
cluded that a 25, platinum electrode recorded mainly from very large, 
‘giant’ ganglion cells, He felt that ganglion cells recorded by this method 
may not be representative for the population of ganglion cells, in which 
small cells predominate. Kuffler (1953) also found that platinum electrodes 
(10-15 1) selected larger ganglion cells, which, however, could be smaller 
than the ‘giant’ type. In the present experiments platinum electrodes 
recorded only cells with receptive-field centre diameters of 0-5 mm (2°) 
or more, in agreement with the notion that electrode size, cell size and 
_ measured receptive field sizes are related. Such a relation is suggested by 
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the predominance of small cell bodies and small receptive-field centres in 
the area centralis. Micropipettes with very fine tips showed less selectivity 
and accordingly recorded cells with a range of centre sizes from 0-125 mm 
(0-5°) to 2 mm (8°). The selectivity of different electrodes is also reflected 
by the finding that among fifty-six ganglion cells recorded in the area 
centralis with platinum electrodes there were three times more ‘on’ centre 
than ‘off’ centre units, whereas micropipettes, in the same area, recorded 
ganglion cells of the two types in about equal numbers. 


SUMMARY 


1. Ganglion-cell discharges were recorded in the intact eye with micro- 
_ pipettes and platinum electrodes. Receptive fields of ganglion cells were 
studied in the light-adapted state mainly by measuring the relation of 
threshold to area of illumination. 

2. For different ganglion cells receptive-field centres varied in diameter 
from 0-125 mm (0-5°) to 2 mm (8°). With the'light stimulus restricted to the ~ 
centre of receptive fields the sensitivity of ganglion cell responses was not 
dependent on the size of the centre region. 

3. Ganglion cells with small receptive-field centres showed an increase 
in threshold of up to 2-5 log. units when the peripheral portion of receptive 
fields was included in the area of illumination. This peripheral suppression 
of centre responses was less pronounced for large-centre ganglion cells. 
Thus at whole-field illumination (diffuse light stimulation) there was a 
clear difference in sensitivity of ganglion-cell responses depending on the 
size of field centres. 

4. Ganglion cells with small field centres were most often recorded in 
the area centralis, the region for high acuity vision; larger field. centres 
were more common for ganglion cells recorded in the periphery of the 
retina. 

5. Micropipettes recorded activity from ganglion cells with a wide. 
range of field-centre sizes, whereas ganglion cells with large receptive-field 
centres were favoured by platinum electrodes, which presumably recorded — 
from diameter cells. 


This work was supported by a research grant from the National Institutes of Health, 
United States Public Health Service. 
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. Peritoneal drainage into the lymphatics of the diaphragm demon- 
strated in vivo by radiography. By Gwenpa R. Barger. Nuffield 
Institute for Medical Research, University of Ozford 


A transistor stimulator for class practical work. By W. J. 
BANNISTER and R. H. Kay. University Laboratory of Physiology, 
Oxford 


In elementary electrophysiology classes it is customary to repeat pioneer 
experiments, using induction coils for stimulation and mechanical devices 
to time the shocks. Nevertheless, little may be lost in substituting a 

simple transistor stimulator for the induction coils and temperamental 
 eontact-breakers. 
_ Catton, Molyneux & Schofield (1957) have exhausted the possibilities 
of a single-transistor circuit which may not be quite adequate for this 
purpose. George (1959), using twenty-two transistors, has designed a very 
versatile stimulator, deserving the full-scale display only found in more 
advanced classes and in research. 

The present circuit uses nine identical inexpensive transistors in easily 
_ understood circuit configurations—the transistor analogues of (a) a multi- 
vibrator for p.r.f. (pulse repetition frequency) control, (6) a flip-flop 
controlling pulse duration, (c) another flip-flop, which can be switched 
into circuit to trigger (b) with a second delayed pulse, and (d) a double 
emitter-follower output stage based on George (1959). 

The over-all performance is: 


Single pulses 

(1) P.r.f. (stepped control): 0-3, 1, 2, 5, 10, 20, 50, 100, 500/sec. 

(2) Pulse duration (stepped control): 20, 50, 100, 200, 300, 500 usec; 
1, 2, 5, 10, 25 msec. | 

(3) Amplitude (stepped control): two ranges 0-4 V and 0-20 V with 

a good quality potentiometer spanning each range. 

(4) Push button: to trigger single pulses manually when desired (or a 

single pair of pulses as below). 
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Paired pulses 


(5) Delay between pulses ee control): 0-1, 0-2, 0-3, 0-5, 1, 2, 3, 5, 
10, 20 msec. 


_-~ (6) Amplitudes identical. 


R; 22K 10K 
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Fig. 1. 7',-T,. Newmarket V 10/30A: R,C,, p.r.f.; R,C,, pulse duration; R,C,, delay ; 
S,, manual-repetitive switch; S,, push button for manual trigger; S;, single or 
paired pulses; S,, amplitude range. (R, = 100K, C, = 0-5 uF for 0:3/sec; 
R, = 220 K, C, = 0-2 uF for 25 msec; R, = 100 K, C, = 05 uF for 20 msec.) 

A small deaf-aid earpiece provides audible monitoring of the output. 
In paired pulse operation, the triggers are the differentiated positive-going 
step in the 7’, collector wave form followed by the delayed, differentiated 
positive step at the 7’, collector. The effective output impedance during 
the pulse is ca. 500Q. Total battery consumption is ca. 4mA at 15 V 
and-10 mA at 24 V. Like much teaching apparatus the stimulator is not 
to be despised for some research problems; its usefulness and limitations 
are obvious. No interlocking of switches is provided to avoid incom- 
_ patibles ; it is perhaps valuable for the student to realize, for example, that 

applying pulses at p.r.f. > 1/pulse duration, or delaying by times > 1/p.r-f. 
or < pulse duration are likely to confuse the experimental results. The total 
component cost is less than that of one induction coil and no springs or 
pendulums are needed. 
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Recording the discharge of a single muscle-spindle afferent by 
means of a dekatron scaler. By R. J. Harvey,* R. H. Kay and 
P. B. C. Marruews. University Laboratory of Physiology, Oxford — 


In investigating the response of mammalian muscle spindles to slow 
extension, the discharge of a single afferent is being recorded from a dorsal- 
root filament and displayed on the static spot of a cathode-ray tube which 
is photographed on moving paper. In order to be able to measure the 
frequency of discharge by counting the individual impulses the paper 
speed has to be rather high. A slower paper speed can be used, however, 
by simultaneously recording on the second beam of the cathode-ray tube 
the output of a dekatron scaler (Ericsson, type 101A) which is triggered 
by the amplified action potentials and which gives a pulse for every tenth 
impulse. Such display both saves recording paper and reduces the labour 
involved in measuring the records, yet sacrifices little information when 
the rate of discharge of the spindle is not changing rapidly. 


A thermo-electric ‘cold’ stimulator. By G. Gorpon and R. H. Kay. 
University Laboratory of Physiology, Oxford 

The thermo-electric effect’ is reversible—a current passed through a- 
thermocouple produces a temperature difference between the two junc- 
tions; and if the appropriate junction is kept at constant temperature the 
other will cool down. Unfortunately the over-all Ri? joule heating over- 
comes the Peltier effect (oc ¢) in the usual metallic thermocouples, at all 
but very small currents. 

A figure of merit for the Peltier effect contains a term «*o/K, where « is 
the thermoelectric power, o the electrical conductivity and K the thermal 
conductivity ; and recent solid-state research has developed semiconductors 
in which the ratio «? to o/K is larger than in conventional thermocouple 
metals by 10 to 100 times. This outweighs a decrease in o/K sufficiently to 
allow much higher currents to be passed, with greater cooling, before 
the over-all joule heating becomes excessive. The principal industrial 
application is in refrigeration (Joffe, 1957; Wright, 1959) ; but a small-scale 
physiological application would be the construction of eeeeeny. con- 
trolled ‘thermodes’. 

The two materials of the couple we used are p- and n-forms of a solid 
solution between Bi,Te, and Sb,Te,: the alloying process reduces K with 
little effect on o, and « is high. When currents of ca. 10 A are passed and the - 
‘hot’ face is kept at constant temperature by loading with a mass of 
copper, the ‘cold’ face falls in temperature, approximately exponentially, 


* M.R.C. Scholar. 


a-2 


A 
- 
9 


4P PROCEEDINGS OF THE PHYSIOLOGICAL 


by ca. 10°C (90% effect in 20sec). More important for a ‘thermode ’, 
the initial rate of temperature fall is reasonably fast—ca. 1° C/sec mean 
over the first 5 sec after switching on. The final lowest temperature and 
the initial rate of fall increase with increasing current until the joule 
heating again becomes important (Fig. 1a); they depend also on the ther- 
mal loading of the cold junction. 


Split Cu Split 
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Fig. 1. (a) Shows changes in greatest temperature fall (upper curve, left ordinate 
scale) and in mean rate of temperature fall during first 5 sec (lower curve, right 
ordinate scale), as function of current flow. Thern.ode unloaded (in air). (b) Dia- 
gram of thermode to show dimensions. (c) Tracing of discharge in ‘cold fibre’ pro- 
duced by thermo-electric cooling. Fall in temperature (AT), lower trace: 
temperature at time 0, approx. 24° C. Cat: pentobarbitone sodium anaesthesia. 


The instrument to be demonstrated has proved to be simple and effective 
when used to stimulate the receptive areas of typical single ‘cold fibres’ 
(Hensel & Zotterman, 1951) from the cat’s lingual nerve. A quite rapid 
response was obtained (Fig. 1c), the thermode being loaded by the cat’s 
tongue. 

The advantages of the thermo-electric thermode result from the greater 
flexibility of electrical control compared with liquid streams, giving the 
possibility of using several thermodes or combinations of thermal and 
electrical stimuli, timed with respect to one another and to an oscilloscope 
sweep. The device could respond to predetermined stimulus patterns. 
The resting temperature of the cold junction in contact with the tissue 
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| may be held steady either above or below tissue temperature by biasing 


with a small eonstant current flowing in the appropriate direction, the 
larger current step to produce cooling then being superimposed. Alterna- 
tion between heating and cooling stimuli depends merely on current 
reversal. 

Disadvantages of the instrument are that it is unlikely to achieve the 
very rapid temperature changes possible with rapidly flowing water 
streams; and that by the nature of the physiological experiment the 
thermode lies near the recording site, where the instantaneous initiation 
or cessation of the large direct current flow produces an artifact at the 
recording electrodes (Fig. lc). This artifact may sometimes interfere 
briefly with the dynamic phase of the recorded response; and it will 
probably be difficult to reduce it very greatly. 

A full technical description will be published later. 


We wish to thank G.E.C., Wembley, for their kindness in supplying some pieces of p- and 
n-type material, and particularly Dr R. Smith and Professor D. A. Wright of the research 
department who arranged the gift. 
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The effect on corneal nerve fibres of a reduction in tissue osmotic 


pressure. By K. C. Acarwat and F. ©. Roper. Institute of 
Ophthalmology, Aligarh University, India, and University Laboratory 
of Physiology, Oxford 


The non-beaded appearance of nerve fibres has only recently been con- 


_ firmed by tissue culture studies. 


That the beaded appearance might be an artifact was first proposed 
independently by Weddell & Zander (1951) and Rodger (1951a). In a 
later paper, Rodger (19516) said ‘there seems every reason to conclude 
that beading is but evidence of the response of a nerve fibre to an environ- 
mental change, physico-chemical or irritant in nature’. Using the phase- 
contrast microscope, we attempted to discover which of several probable 
factors was responsible for beading. 

Fresh corneal slices were excised from rabbit eye with a Graefe knife and 
mounted under the phase microscope in isotonic saline at 37° C. The slice 
was placed epithelial side down; thus presumably the saline in which it 
floats is able to diffuse easily into the stromal spaces. 

On irrigating such fresh specimens with isotonic saline gt tataperstures 
ranging up to 42° C, we found no evidence of our having induced beading. 
In a similar way fresh slices were treated with isotonic saline solutions, 
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the pH’s of which had been altered by using phosphate buffers ranging 
from 4-8 to 7-2; shrinkage but no beading appeared. However, when 
isotonic saline was replaced by distilled water, the nerve fibres, which 


a moment previously had been smooth, became freely and uniformly | 


beaded; moreover, the pointed smooth free-endings in the epithelium of 
the cornea became swollen until they resembled the specialized end-bulbs 
described by Wolff (1954). Apparently, then, nerve-fibre beading in the 
cornea depends upon a reduction in the osmotic pressure of the tissue fluid 
diffusing through the cornea and suffusing the nerves. The rotund nature 
_ of the artifact produced at the end of the terminal corneal fibres suggests 
that similar-looking end-organs elsewhere should be suspect, but has no 
bearing on other specialized endings. 

After death the resultant depression of the metabolism of the nerve 
sheaths almost certainly results in loss of their ability to exclude sodium 
and chloride ions, so that’ after a while beading appears even where the 
irrigating fluid is isotonic. This can be largely prevented by irrigating with 
hypertonic saline. 
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‘Continuous superfusion by means of a simple roller pump. 
By O. B. Saxsy, 8. Smpprer and J. M. Watker. Department of 
Pharmacology, University of Oxford 


Vane (1958) showed that the blood-bathed isolated organ was a 
convenient preparation for testing the circulating blood for active sub- 
stances. The following is a description of a simple method of continuously 
superfusing an isolated organ with blood by means of a roller pump. 

The roller pump A is connected to a three-way Perspex tap B so that 
blood can be taken to the superfused organ from either the carotid artery C 
or the external jugular vein D. A second tap E can be turned so that the 
jugular blood can flow freely. from the head to the heart when it is not 
being used for superfusion. When the blood has passed over the isolated 
organ, it is collected and taken by a tube, which runs side by side with 
the first tube under the rollers of the pump, into a reservoir F which acts 
as an air trap. Thence it is returned to the animal through a cannula ( 
in the left external jugular vein. The volume of blood outside the animal 
is from 5 to 6 ml. The speed at which the pump rotates can be adjusted 
so that blood is delivered at the desired rate. 
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The method can be applied to various experimental animals including 
rats. It can be used to superfuse any suitable isolated organ with blood 


from any convenient artery or vein. — 
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A simple spirometer modification for recording volume changes 
electrically. By B. Smatitey. Department of Applied Physiology, 
London School of Hygiene and Tropical Medicine, W.C.1 — 


Inspired and expired volumes may be measured by a spirometer or, 
when fast transients are required, by integration of flow measured on a 
pheumotachograph. An electric signal has, in the past, been obtained 
from the spirometer by an accurate potentiometer actuated by the spindle 
of the spirometer wheel and also by contacts mounted peripherally on the 
wheel. 

The principle of the device is the triggering of a photocell by the 
movement of the spirometer wheel. The wheel, made of Perspex, is painted | 
an opaque black and the rim has been graduated by etching away the 
paint so as to produce translucent graduations at 100 ml. intervals. The 
light source and photocell are mounted on either side at the edge of the 
wheel so that light reaches the cell through the graduations. For greater 
convenience, provision has been made for each 500 ml. to produce an 
increased signal. 

The use of the device is demonstrated by the measurement of non-. 
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The effect of removal of glucose from the medium on the electrical 
excitability of smooth muscle. By J. AxELsson and Epriru 
Bi.tsrine. Department of Pharmacology, University of Oxford 


_ Feldberg & Solandt (1942) showed that removal of glucose from the 
medium abolishes the tone and the spontaneous contractions of isolated 
intestinal smooth-muscle preparations. We found recently (Axelsson, 
Bueding & Biilbring, 1959) that this relaxation is not due to the cessation 
of the spontaneous discharge of action potentials, which continues for 
many hours in the absence of glucose, but to the failure of the action 
potentials to evoke a tension response. At the same time the membrane 
becomes more excitable. Sometimes, but not always, the rate of spon- 
taneous spike discharge increases. The range of frequencies at which the 
preparation can be driven by electrical stimulation becomes wider and 
increases particularly towards the higher frequencies. 

When the normal glucose concentration is restored, spontaneous activity 
slows and may stop. The range of frequencies at which the preparation 
can be driven becomes narrower and declines towards the lower frequencies. 

These excitability changes in the absence and presence of glucose will 
be demonstrated on the isolated taenia coli preparation of the guinea-pig. 
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The primary and secondary endings of the mammalian muscle 
spindle. By D. Barker and M. C. Ip. Department of Zoology, 
University of Hong Kong : 

The presence of two kinds of sensory endings in the equatorial region 
of the mammalian spindle was established by Ruffini (1898) who proposed 
for them the terms ‘primary’ and ‘secondary ’ together with the descriptive 
equivalents ‘annulo-spiral’ and ‘flower-spray’. However, the ‘flower- 
spray’ secondary in the cat is less common than the secondary which 
consists chiefly of rings and spirals. In a sample of thirty-two intermediate, 
_ twenty-five complex, and four tandem spindles from rectus femoris there 
were ninety-eight secondary endings; 64° consisted chiefly of rings and 
spirals (S type) and 36% chiefly of sprays (s type). This finding, together 
with variation in regularity of the primary ending, suggests that the form 
of the terminal ramifications of both endings is related to the morphology 
of the muscle fibre in the region of termination. The extremes of regularity 
and irregularity are displayed on the one hand by the rings and spirals 
of the primary around nuclear bags, and on the other by the sprays of 
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the secondary on polar-form muscle fibres. While the diameter of the 
nerve fibre supplying the primary is larger than that of the secondary, and 
the width of its terminal ramifications greater, there is little difference 
in form between a primary and a secondary ending, or between portions 
of such endings, when they are associated with myotubes; in both cases 
the configuration is ‘annulo-spiral’. The nature of the intrafusal bundle 
is such that nuclear bags, myotubes, and polar-form fibres may be present 


in the equatorial region in any combination at almost any level. Hence 
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Fig. 1. Variation in form of mammalian primary and secondary endings. Cross- 
striations of muscle fibres omitted; symbols as in text. 
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various combinations of regularity and irregularity are presented by the 
two endings where their ramifications come into relation with the individual 
members of the bundle (Fig. 1). The matter is further complicated by the 
fact that though the area of the secondary ending usually lies adjacent to 
that of the primary, it may extend over certain members of the bundle so 
as to lie partly alongside it. 

The regularity of the primary ending depends on the ratio of nuclear 
bags to myotubes in the region of termination. Since the intrafusal bundle 
here is usually a mixture of each, and is seldom composed exclusively of 
one or the other, it is possible to distinguish between five types of primary : 
wholly regular (P); wholly irregular (p); predominantly regular (Pp); 
predominantly irregular (pP); about half and half (P-p). The predomi- 


nantly regular type is the most common; in a sample of 155 cat spindles" 


comprising 166 capsular regions (seven spindles from flexor digiti longus, 
the rest from rectus femoris; fourteen tandem spindles in the sample), 
50-5 % of the primaries were of the Pp type; 17% pP; 15:7% P; 108% 
P-p; and 6 % p. 

The greater frequency of the S type of secondary reflects the fact that 
the ramifications are more often in association with myotubes (as rings and 
spirals) than polar-form muscle fibres (as sprays). It is possible that in his 
anxiety to establish the existence of the secondary ending, then in dispute, 
Ruffini exaggerated its ‘flower-spray’ features. In his classic paper (1898) 
it is stylized wholly in this form in the schematic Fig. 1, and Fig. 4 shows 
a drawing of typical polar sprays. A survey of spindle afferent endings 
as illustrated in the literature for various mammals, and as available 
to us in opossum, bat, rabbit, rat, cat, and monkey preparations, indicates 
that while there are minor variations in form between species, the major 
factor determining rings, spirals, and sprays is the morphology of the 
muscle fibre in the region of termination. 

We suggest that the terms ‘annulo-spiral’ and Deemer’ be aban- 
doned as equivalents for the primary and secondary endings of a spindle. 
To refer to the primary as a ‘nuclear bag ending’ and the secondary as 
a ‘myotube ending’, as suggested by Granit (1955), is also inappropriate. 
‘Primary’ and ‘secondary’ are adequate terms in every respect since they 
accurately represent the histological, embryological, and physiological 
characteristics of the endings and nerve fibres (Groups Ia and II) concerned. 


This investigation was supported by a research grant (B-1806) from the Nasional Institute 
of Neurological Diseases and Blindness, U.S. Public Health Service. 
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The estimation of sulphobromophthalein (BSP) in turbid and 
grossly haemolysed plasma and in liver. By W. H. H. ANDREWS 
and MarGaret Trent. Department of Pharmacology, St Mary’s 
Hospital Medical School, London, W. 2 


The estimation of BSP in moderately cloudy or haemolysed plasma can 
be carried out by measuring absorption at two wave-lengths (Gaebler, 
1945) but this procedure fails when the haemolysis or cloudiness is gross. 
The acetone extraction method of Brauer, Pessotti & Krebs (1954) is not 
accurate unless the evaporation of acetone is carefully controlled, and the 
development of colour is poor, presumably owing to incomplete ionization 
of BSP in acetone. The following method, though somewhat tedious, has 
been found to be accurate to within 8 % and is usually accurate to within 
5% even in the presence of large amounts of haemoglobin. 

Plasma, 0-5 ml. mixed with 0-5 ml. distilled water, is added slowly, 
with shaking, to 2 ml. acetone in a centrifuge tube. In preparation of 
standards the plasma is diluted with BSP solution. The mixture is then 
centrifuged for a constant rate for a constant time (1700 rev/min for 
15 min) to keep evaporation fairly constant in all tubes. 

Two ml. of the supernatant fluid is pipetted into a 10 ml. test-tube, 
graduated at 4ml., and the acetone is driven off by heating at 70°C 
for 15 min, preferably in a partial vacuum with an air leak. After the fluid 
is cool, 0-5 ml. ‘Liquid Lux’ is added together with distilled water to 4 ml. 
Lastly 1 drop of aqueous sodium hydroxide, approximately 30%, is added. 
The solution becomes turbid but clears on standing for about an hour. 
The BSP is estimated by comparison with standards at 580 muy. 

For estimation of BSP in liver, 0-5 g tissue and 0-5 ml. distilled water 
are ground together with sand and then washed into a graduated centrifuge 
tube with four successive washings each of about 1-5 ml. of an acetone— 
water mixture (3 vol. acetone to 1 vol. water). The contents of the tube 
are made up to 10 ml. by addition of the mixture and centrifuged at 
1700 rev/min for 15min. Four ml. of the supernatant fluid is placed 
in a 10 ml. tube, graduated at 4 ml., and evaporated at 70° C as above. 
The rest of the procedure is as with plasma. | 

Recovery of BSP added to homogenized liver is 80-90%, or even 
greater, in the range of concentrations 1-16 mg BSP/100 g liver tissue. 
Recovery of BSP from liver tissue in the only other published method 
which the authors have been able to find (Richards, Tyndall & Young, 

1959) appears to be very much less than 70%. Blank readings at 580 mu 
obtained when rat liver was extracted without added dye were equivalent 
to 0:25 mg BSP/100 g liver tissue or less. | 


‘Liquid Lux’ is a commercial product, manufactured by Lever Bros. Ltd., and is a mixture 
of various detergents, the composition not being publicly disclosed. 
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We are grateful to Dr T. G. Richards for assessing the accuracy of the method when 
applied to plasma. 
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Pharmacologically active substances in a caecal sac of the male 
Garden Tiger moth. By E. H. Leacn, J. A. Parsons and 
W. D. M. Paton. Department of Pharmacology, University of Oxford 


A simple method for restraining rabbits during pyrogen assays. 
By A. J. Oven. M.R.C. Group for Research on Body Temperature 
Regulation, Department of the Regius Professor of Medicine, The 
Radcliffe I nfirmary /Oxford 


An instrument for charting the brain surface. By C. G. PHILiips and 
E. H. J. Scuuster. University Laboratory of Physiology, Oxford 


Aid to alignment of catheter for insertion into abdominal vessels. 
By Preey J. Coserove, R. V. Coxon and Ann SPENCER. University 
Laboratory of Physiology, Oxford 


Sites of cholinesterase activity in cultured chick-embryo skeletal 
muscle cells. By W. K. ENGEL. The National Institutes of Health, 
Bethesda, Maryland, U.S. A. 


Responses of single cells in the caudal part of the spinal nucleus 
of the trigeminal nerve of the cat. By G. Gorpon, 8. LANDGREN 
and W. A. Szep.* University Laboratory of Physiology, Oxford 

The spinal nucleus of the trigeminal nerve extends from the rostral 
medulla to approximately the second cervical segment, and may be 
regarded as containing the trigeminal equivalent of the cells of the ‘spino- 
thalamic’ system. Medullary section of the afferent fibres to this nucleus 
in man causes facial analgesia with impairment of thermal sense but 
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preservation of tactile sense (Sjéqvist, 1938). In the present investigation, 
limited to the caudal part of the nucleus, responses of single cells were 
recorded with KCl-filled micropipettes, and mechanical or thermal stimuli 
were applied to the ipsilateral facial area. The cats were anaesthetized 
with pentobarbitone sodium. 

The majority of cells responded at low threshold to mechanical stimuli 
applied to hairs, skin, or mucous membrane, without significant thermal 
sensitivity. The responses were of a rapidly-adapting character, and 
receptive areas were well defined. Many such cells were fired antidromically 
by stimulating the contralateral medial lemniscus region. Electrical 
stimuli to the receptive area caused responses at 1-8—4-0 msec latency. 
There was a well-marked and orderly topographical organization of these 
cells which agrees with anatomical evidence—mandibular division lying 
medial, ophthalmic division lateral, and maxillary division in between. 
Receptive areas varied for different cells, the largest being some 25 cm? 
and the smallest confined to a group of several short hairs or to a single 
maxillary whisker. On a number of occasions responses to mechanical 
stimulation of a whisker were inhibited by mechanical en stimuli 
applied to other whiskers or nearby hairs. 

A second group of deep-lying cells had functional characteristics dis- 
tinguishing them from the first group. Their receptive areas were large, 
surpassing the boundaries between the peripheral divisions of the tri- 
geminal nerve and occupying much of the face. They responded to mechani- 
cal pressure with sustained discharge, threshold normally being lowest 
in the centre of the receptive field where light pressure was usually effective. 
In the more peripheral parts of their receptive fields firm pressure with 
a glass rod, light pinches, or pinpricks were effective stimuli for average 
cells; and where applied steady pressure could be satisfactorily measured 
(forehead, pinna, or tongue), thresholds were of the order of 10° dynes/cm?. 
The discharge usually outlasted the stimulus by a few seconds, with gradual. 
reversion to a base line of ‘spontaneous’ activity. These cells also responded 
to large thermal stimuli (over 54° C or below 10° C). Minimal latencies of 


- Tesponse to cutaneous electrical stimuli lay. between 2 and 15 msec. Only 


one of the twenty cells examined was fired antidromically from the lemnis- 
cus. Their responses to skin stimulation were unaffected when neuro- 
muscular block was induced by giving 8 mg gallamine triethiodide, 
anaesthesia being maintained at a steady level. 

No cells were encountered which showed any appreciable response to 
thermal skin stimuli within the range 10—45° C. 
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Bronchial circulation and pulmonary vascular resistance (PVR) 
in isolated perfused lung lobes. By I. pr Buren Daty and 
B. A. WaauEr. University Laboratory of Physiology, Oxford 


There is little information of the progressive changes in PVR which 
occur in isolated lungs during perfusion periods of several hours. In order 
to follow these changes perfusions were carried out in isolated lung lobe 
preparations of the dog. The perfusate was autologous blood and the method 
for perfusion a modification of that previously described by Daly (1956). 
Either constant volume inflow or constant pressure inflow perfusion was 
used. The tidal air was measured. For the calculation of the PVR for both 
lungs the following formula was used 


PVR = Pulmonary arterial pressure(mm Hg) — — Leftatrialpressure(mm Hg) 
Left atrial flow (1l./min) x 


where x equals the ratio of total lung weight to the weight of the perfused 
lobes, as given by Rahn & Ross (1957). When this formula is used, the 
' PVR for normal resting dogs ranges from 1-7 to 7:5. 

In one group of seven experiments, in which the pulmonary circulation 
alone was perfused, the PVR values dropped markedly during the first 
2 hr of perfusion to a mean of 4-9 and remained stable at this level for 
periods up to 7 hr of perfusion. In another group of seven experiments, 
where in addition the bronchial circulation was perfused, markedly higher 
PVR values developed. The mean value dropped to 6-7 after 14 hr of per- 
fusion and thereafter showed a slow but steady increase. The bronchial 
circulation perfusion did not influence the long-term progressive changes 
in tidal air, 

Some handling of the lung lobes is inevitable during the preparation 
for a perfusion experiment, even if great care is taken to avoid it. It 
was suspected that handling might influence the PVR on subsequent 
perfusion. In order to test this, gentle manipulation or stroking of the 
lobes before starting perfusion was carried out in a separate group of 
experiments. Such handling did not affect the PVR when subsequently 
the pulmonary circulation alone was perfused, but caused a severe rise 

in PVR when in addition the bronchial circulation was perfused. 
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Glycolysis and potassium transport in kidney slices from new- 
born animals. By R. Wuirram. Medical Research Council Cell 
Metabolism Research Unit, Department of Biochemistry, University of 
Oxford 

Slices of the cortex cut from the kidneys of adult rabbits, rats and 
guinea-pigs gain sodium and lose potassium during anaerobic incubation, 
because they depend on respiration for the maintenance of concentration 
gradients of these ions between intra- and extracellular fluids (Mudge, 

1951; Aebi, 1953; Whittam & Davies, 1953). Adult animals, and also 

new-born guinea-pigs, do not tolerate anoxia for as long as new-born 

rabbits and rats (Fazekas, Alexander & Himwich, 1941), suggesting that 
the latter might be able to prevent leakage of potassium from the tissues 


into the circulation, which appears to be of some importance to survival 


(Dawes, Mott & Shelley, 1959). This possibility has been tested by measur- 
ing the potassium concentration in kidney cortex slices from new-born 
and adult rabbits, rats and guinea-pigs after incubation under various 
conditions. The rates of glycolysis were also measured as indications of 


_ the supply of metabolic energy. 


The potassium concentration in kidney cortex slices from new-born 
rabbits and rats was about 85 m-mole/kg wet wt. after aerobic incubation 
for 1 hr at 37° C in a saline medium containing 168 mm-Na, 5 mm-K and 
10 mm-glucose. After either aerobic incubation with 1 mm-KCN, which © 


inhibited respiration, or after anaerobic incubation, the concentration was 


25°, lower, viz. 65 m-mole/kg wet wt. When 1 mm-iodoacetate was added 
to inhibit glycolysis, the potassium concentration after anaerobic incuba- 
tion was reduced further to about 30 m-mole/kg wet wt. Abolition of 
respiration by either cyanide or anoxia therefore caused a smaller leakage 


of tissue potassium (20 m-mole/kg wet wt.) than inhibition of both respira- 
tion and glycolysis (55 m-mole/kg wet wt.). In contrast, kidney slices 


from new-born guinea-pigs contained the same amount of potassium 
(about 20 m-mole/kg wet wt.) after anaerobic incubation, in both the 
presence and absence of iodoacetate, and resembled the tissue from adult 
guinea-pigs in requiring O,. All the leakages of potassium were approxi- 
mately balanced by gains of sodium. 

The rates of liberation of CO, from a bicarbonate saline medium 
(Qco, = wl./mg dry wt. x hr) were 22 and 16 anaerobically for rabbit and 
rat tissue, respectively, and 3-5 aerobically. The rates for new-born 
guinea-pig tissue were 5 anaerobically and less than | aerobically. — 

The results show that kidney cortex slices from new-born rabbits and 
rats actively maintained high potassium concentrations by energy derived 
from glycolysis when respiration was abolished either by cyanide or anoxia. 
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In contrast, the same tissue from new-born guinea-pigs depended almost 
wholly on respiration. These relationships are compatible with the high 
rate of anaerobic glycolysis in the tissue from young rabbits and rats and 
with the resistance of these animals to anoxia. | | 
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Prolongation of survival in the anoxic foetallamb. By G.S. Dawgs, 
Joan C. Mott and AnnzE StaFrrorD. The Nuffield Institute for Medical — 
Research, University of Oxford 


Previous experiments on foetal anoxia have suggested that the glycogen 
stores available and the fall of blood and tissue pH might be limiting 
factors to the continued production of energy by anaerobic glycolysis, 
and hence to survival. Therefore experiments were undertaken on lambs 
of 74-91 days gestation age, delivered by Caesarean section under chlora- 
lose anaesthesia. Asphyxia was produced by tying the umbilical cord. 
Infusion of glucose alone did not increase survival as judged by the blood 
pressure and heart rate, nor did infusion of sodium carbonate alone, in 
a dose which prevented any considerable fall of arterial blood pH. How- 
ever, infusion of glucose, together with sodium carbonate, increased the 
time taken for the blood pressure to fall, from the initial level of 30-40 mm 
Hg down to 10mm Hg, from a mean of 48 min to more than 80 min. 
Lactate production was also increased. Tris-hydroxymethylaminomethane 
or triethanolamine were substituted for sodium carbonate with equal 
effect. 

Mature foetal lambs of 140-145 days gestation age were delivered by 
Caesarean section under local anaesthesia, a saline-filled rubber bag was 
placed over the head and the umbilical cord was tied. After 10-12 min 
asphyxia the lambs were resuscitated by artificial ventilation through an 


‘ endotracheal catheter. In five sets of twins, one of each pair was untreated 


and the other was given an intravenous infusion of a solution containing 
15% glucose and 15% sodium carbonate (0-14—0-18 ml./kg.min). At the 
end of 10 min asphyxia the mean rise in blood lactate was 74 °% greater 
in treated lambs. The blood pressures and heart rates of the treated 
lambs were all greater than those of their untreated twins. The duration 
of gasping, after the onset of asphyxia, was greater in the treated lambs — 
by a mean of 27%. The recovery of the treated lambs after asphyxia was 
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also more rapid. All the lambs exhibited respiratory distress for a con- ~ 
siderable period after resuscitation. There is as yet no evidence that . 
this form of treatment will prevent permanent cerebral damage from 
anoxia at birth, but so far as measurements on the breathing and circula- 
tion are concerned there was some improvement. 


_ Release of noradrenaline from artery walls as a cause of gangrene. 


By J. H. Burn and D. McDovuaau. University Laboratory of 
Physiology, Oxford 


Primary and secondary amines as substrates of amine oxidases. 
By H. Buascuxo. Department of Pharmacology, University of Oxford 
The amine oxidases of non-ruminant plasma differ from those of rumi- 
nants in that they are without significant activity on spermine. Although 
the substrate specificity of all the plasma oxidases is in some ways similar 


_ to that of the intracellular ‘monoamine’ oxidase, they resemble histamin- 


ase in being inhibited by carbonyl reagents. It is assumed that a carbonyl 
group in the active centre of the plasma oxidases reacts with the amino 


_ group of the substrate as shown. 


C=—0+H,N.CH,R > 


_ It might therefore be expected that these enzymes will oxidize primary 


amines but not secondary amines. This is in fact so; it has now been found 
that the plasma enzymes, ruminant and non-ruminant, readily oxidize 
benzylamine, B-phenylethylamine and y-phenylpropylamine, but not the 
corresponding N-methyl derivatives. This differentiates the plasma en- 
zymes sharply from the intracellular amine oxidase; the latter acts on 
substances like adrenaline or metanephrine as readily as on noradrenaline 
or normetanephrine. On the other hand, histaminase does not act on 
secondary amines (Goryachenkova, 1956; Kapeller-Adler & Iggo, 1957). 

It is known that in the enzymic oxidation of spermine by ox plasma 
enzyme spermidine is the first oxidation product (Tabor, Tabor & Rosen- 
thal, 1954), | | 

H,N(CH,);NH(CH,),NH(CH,),NH, H,N(CH,);NH(CH,),NH;. 
Spermine Spermidine 
This reaction involves an attack at a secondary amino group. It is sug- 
gested that spermine oxidase is able to form a ring compound in the 
enzyme-substrate reaction 
NR.CH, 


.CH, 
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and that it is the ability to form such a compound that distinguishes 
spermine oxidase from similar oxidases without action on spermine. 
I am grateful to the Agricultural Research — for financial help. 
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Effect of pressure on heart and perfusion rates of the Langendorff 
preparation. By J. A. Baronay, E. J. Hamigy and Hevea 
Hoveuton. Physiology Department, Birmingham University 


In rat hearts, isolated and perfused as Langendorff preparations on 
oxygenated Ringer—Locke solution (plus 0-2 % glucose; temp. 30—35° (), 
heart and perfusion rates vary with perfusion pressure. Pressures below 
60 em did not always maintain normal beat and rate. At 15cm 25% 
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of preparations failed to beat and most others developed abnormal conduc- 
tion patterns within 2 hr. Above 60 cm heart rates varied little from one 
preparation to another; mechanical activity appeared normal and the 
electrogram was unchanged from ‘what can be found in the open chest of 
the rat. Between 60 and 200 cm perfusion rates increased directly with 
perfusion pressure, but heart rate showed no similar increase and was 
little changed at pressures above 100 cm. At all pressures the perfusion 
rate had decreased to about half of original rate (taken after 5 min perfu- 
sion) in 2 hr, and tended to follow this rate of decrease as perfusion con- 
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tinued. Heart rate also fell but was more variable, the decrease in 2 hr 
being only 30% in most cases and 75% in others. Initial pressure and 
temperature of perfusate affected the preparation markedly. Above 30° C 
good cardiac activity was difficult to maintain at pressures below 60 cm; 
below 30° C the resulting slower beat could usually be maintained at 30 cm. 
Deterioration at all pressures was seldom evident at once; many prepara- 
tions showed little change within the first hour but thereafter steadily 
decreased. Deterioration could be transiently reversed by increasing 
perfusion pressure, but subsequent deterioration could be corrected by 
further small increases in pressure. Too great an increase produced boosts 
to above earlier rates. By this method it was possible to maintain heart 
and perfusion rates over long periods of time. The dotted locus in the 
figure illustrates a typical experiment. 


The latissimus dorsi muscles of the chick. By B. L. GrinsBora* 
and B. Mackay. Pharmacology and Anatomy ere U niversity 
of Edinburgh 


Records of spontaneous electrical activity at the neuromuscular junction 
in skeletal muscles of the chick suggest that two types of muscle fibre 
occur, one focally innervated and the other with many motor end-plates 
(Ginsborg, 1959). Both types of fibre have now been demonstrated histo- 
logically. In the anterior latissimus dorsi only fibres with multiple end- 
plates, and in the posterior latissimus dorsi only focally innervated fibres, 
have been observed. It has also been found that in general it is only the 
anterior latissimus dorsi which responds to the application of ‘depolarizing | 
agents’ with a sustained contracture (Fig. 1). In various other species 
of bird, the anterior and posterior latissimi dorsi have been found by 
Kriiger (1950) to be composed entirely of ‘Felderstruktur’ and ‘Fibril- 
lenstruktur’ fibres, respectively; the present observations are therefore 
in accordance with the suggestion (for which we are indebted to Mr A. F. 
Huxley) that the fibres with many end-plates in the bird might be identi- — 
fied with its ‘Felderstruktur’ fibres. The observations also accord with 
the idea (Kriiger, 1950) that it is these fibres alone which are responsible 
for the characteristic contractures of avian muscle. 

Recordings with external electrodes from the anterior latissimus dorsi 
confirm the finding (Ginsborg, 1959) that fibres with multiple end-plates 
respond to adequate stimulation with propagated action potentials. The 
small variation in latency of the response at different points along the 
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Fig. 1. Records of isometric tension (RCA 5734) from an anterior (a, c) and 
a posterior (b, d) latissimus dorsi muscle of a 22-day-old-chick. 37°C. Muscles 
in Krebs—Henseleit solution. At A and B decamethonium iodide added to give — 
final concentrations of 1-7 x 10-*m (A) and 3-4x 10-5m (B). At C and D bathing 
solution changed to Krebs—Henseleit with 100 mm NaCl replaced by 100 mm-KCl. 
In 6} and d, posterior latissimus dorsi nerve stimulated supramaximally at 6 min. 


muscle suggests that on maximal nerve stimulation action potentials 
may be initiated at many, if not all, of the neuro-muscular junctions along 
the fibres. 
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A study of skin absorption effects of tri-ortho-cresyl phosphate 
(TOCP) in hens. By P. Grexs and W. G. Wurrs. University 
Laboratory of Physiology, Oxford 

The neurotoxic effects of TOCP ingestion are well known both in human 

(Smith & Spalding, 1959) and animal experiments (Barnes & Denz, 1953; 

Cavanagh, 1954; Glees, 1957; Silver, 1959) but far less is known of the 

effects of the absorption of the substance through the skin. That this can 

occur has been shown by applying radioactive TOCP compounds to 
human skin (Hodge & Sterner, 1943), and as small quantities of TOCP, 
or similar plasticizers, are contained in certain plastics there is a potential 
risk of absorption in industry. 

We studied the minimal dosage of TOCP which causes either clinical 
or neuropathological alterations in fully grown chickens between 3 and 

5 kg in weight. The substance was painted on the comb, which absorbs 
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it well (0-2 c.c. of pure TOCP being applied at a time). The hens were 
subsequently perfused with 10% formol saline to avoid the staining 
artifacts common in Marchi preparations of unperfused material. 


Fig. 1. Transverse section through the lumbar cord of a hen showing the Marchi 
positive fibres of the tecto-spinal tract. 0-05 c.c. of TOCP per 1 kg bodyweight. 


We found that 0-1 c.c. of TOCP to 1 kg body weight caused, after an 
interval of 8-25 days, a weakness of the extensors of the legs and general 
symptoms of intoxication such as loss of appetite and listlessness. Half 

this dose caused only neuropathological changes, such as selective myelin 
degeneration in the long descending and ascending tracts, and the animal’s 
behaviour and motor function gave no indication of any damage to the 
central nervous system, at any rate during the period we allowed for 
observation. Doses below 0-05 c.c. produced neither clinical nor neuro- 
pathological symptoms or poisoning, but because of the slow excretion of 
TOCP it is not impossible that continual small doses would in time have 
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the same effects as larger single doses of 0-05 c.c. Such cumulative action 
coald result in degenerative changes in the descending and ascending 
tracts, ultimately presenting an obvious clinical picture. Herein, of course, 
lies the danger, particularly in industry, and it is a question on which 
further work is in progress. 
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The competitive effect of probenecid on bromsulphalein uptake > 


in rat and dog liver slices. By G. Barper-Ritey. Physvological 
Laboratory, University of Liverpool 


Investigation of the excretory role of the liver has been sated out with © 


exogenous substances which are believed to show a part at least of the 
normal excretory mechanism. The most successful and generally used of 
these foreign substances is the dye bromsulphalein wanealdy which is almost 
entirely excreted in the bile. 

Several substances have been shown to reduce BSP excretion, presum- 
ably by competing for the same mechanism. These substances include 
probenecid, but while this reduces BSP excretion in the dog, excretion of 
BSP in the rat is unaffected (Andrews, 1958). This species difference in 
the action of similar doses of probenecid on BSP excretion was confirmed 
in this laboratory. 


BSP uptake by liver cells in dog and rat was studied by ‘in vitro’ : 


experiments with fresh liver slices incubated under controlled conditions 
in a standard BSP medium. In this manner the mechanism of dye uptake 
was artificially separated from excretion, and the probenecid effect on the 
uptake mechanism alone investigated. 

Preliminary experiments were carried out to obtain the normal range 
of BSP uptake to be expected in liver slices from any individual rat. 
The variation in slice BSP uptake in different rats was found to be large, 
but the variation found in slices from the same animal was much smaller 
(s.D. + 3-9 %). 

Liver slices were then incubated in the standard BSP medium with 
added probenecid and the dye uptake measured. This figure was compared 
with the control BSP uptake obtained by incubating slices from the same 
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rat under identical conditions but without probenecid. The effect of the 
probenecid was to increase BSP uptake by 0-5%, a figure showing no 
significant difference. The same method with dog liver slices, however, 
showed a reduction in BSP uptake of 14-5°%. Thus BSP uptake of the rat 
liver is, unlike the dog, not significantly affected by probenecid in the 
conditions of the experiment. 

The above experiments were repeated using biligrafin as a competitor 
in place of probenecid. BSP uptake in the rat liver slices was reduced by 
24 % and in the dog liver slices by 27 %. The competitor effect of biligrafin 
in these experiments is therefore substantially the same in both animals. 

It therefore appears that the BSP uptake of rat liver slices is susceptible 
to a competitor action in the same manner as dog liver slices, but that for 
some reason this is not the case with probenecid. The reason for this 
particular species difference is uncertain at present, but the possibilities 
appear to include: 

(1) That in the rat liver effective concentrations of probenecid do not 
enter the hepatic cell. 

(2) That probenecid enters the cell freely in the rat liver, but is either 
not protein bound or occupies sites qualitatively different from BSP. 
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The diameter and distribution of the nuclear bag and nuclear 
chain muscle fibres in the muscle spindles of the cat. By I. A. 
Born. Institute of Physiology, University of Glasgow 


Normal, de-afferented and de-efferented muscles from the cat hind limb 
were serially sectioned transversely. The intrafusal muscle fibres were 
traced in seventy-eight spindles. All contained two distinct types of 
muscle fibre: (2) with numerous nuclei tightly packed together (nuclear- 
bag fibres), and (b) with a single row of nuclei down the centre (nuclear- 
chain fibres), in the equatorial region (cf. Cooper & Daniel, 1956). With 
Masson staining, the nuclear-bag fibres are uniformly dark, and the chain 
fibres are granular, in appearance. The chain fibres have fewer sarcostyles 
per unit area. 

In the leg muscles the nuclear-chain fibres are much smaller in length 
and diameter, measured near the end of the lymph space, than the bag 
fibres. Two bag fibres and four or five chain fibres occur most frequently. 
In the small muscles of the foot the two types of fibre are sometimes about 
the same length and diameter, but when traced through the spindle equa- 
tor, one type has nuclear bags, and the others become very small with 
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a row of nuclei. Spindles with up to four bag fibres and nine chain fibres 
have been seen. 

Division of intrafusal fibres does occur (Barker, 1959), but is very rare 
in nuclear-bag fibres. Division of chain fibres is more common, but usually 
confined to one or two fibres. In some spindles all the muscle fibres are 
discrete. Spindles may have overlapping ends, but true tandem spindles 
with continuous intrafusal fibres are rare. 
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Fig. 1. Fibre-size histograms for intrafusal muscle fibres in eight spindles from 
soleus, and fourteen spindles from interosseus, muscles of the cat. A random sample 
of extrafusal fibresis included in each case. The nuclear-bag and nuclear-chain groups 
are distinct in soleus, and overlap in interosseus. Diameter measured in transverse 
sections near one end of the lymph space in Bouin-fixed, relaxed, muscle. 


After ventral root section both types of intrafusal fibre show a reduction 
in diameter proportionately less than do the extrafusal fibres. After dorsal 
root section the nuclei of the equatorial region disappear in several months, 
the chain fibres losing their nuclei first. 


I am indebted to the Rankin Fund of the University of Glasgow for defraying part of the 


cost of materials used in this research. \, 
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Calcium ions and the resting potential of frog sartorius fibres 
in 0-7°% NaCl solution. By M. H. Draper, H. Friesen and 
K. KarzEeL. Department of Physiology, University of Edinburgh, and 
Department of Pharmacology, University of Bonn | 


Experiments on frog sartorius muscles have shown that in potassium- 
deficient Ringer’s solution the resting potential can remain elevated for 
some hours (Biilbring, Holman & Liillmann, 1956; Woodbury, 1959). 
We have studied the dependence of the resting potential on the external 
calcium-ion concentration in muscles placed in 0-:7% NaCl solution 
(120 mm). Resting-potential determinations were carried out with micro- 
electrodes on pairs of frog’s sartorii as described by Draper, Friebel & 
Karzel (1959). One muscle was kept in Ringer’s solution throughout the 
6 hr of the experiment and its mean resting potential was sampled hourly 
as a control, and the other was placed in 0-7°% NaCl solution after its 
initial resting potential in Ringer’s solution had been determined by 
sampling twenty fibres. Temperature was maintained at 14° C. 

When frog muscle fibres were placed in 0-7 °% NaCl solution the mean 
resting potential rose from 88 to 97 mV and then after about 15 min . 
slowly declined reaching 55 mV in 2hr. During this time in NaCl the 
well-known ‘salt twitches’ occurred. Replacing the muscle in Ringer’s 
solution resulted in recovery of the resting potential to 90% of its initial 
value in 2 hr (Draper et al. 1959). 

The addition of Ca®+ increased the degree and duration of hyper- 
polarization. Thus the presence of 0-01 mm-Ca?+ resulted in a rise of the 
resting potential to a maximum of 102 mV (s.£.+0-9, n = 40) in 30 min 
followed by a fall to 95 mV (+ 2-3, = 30) in hr. An increase of Ca*+ 
to 2-4 mm produced a maximum of 116 mV (+ 0-8, n = 60) reached in | hr, 
_ followed by a decline to 103 mV (+0-9, n = 60) in a further hour. The 
resting potential reached in 1 hr was found to be linearly related to the 
logarithm of the external Ca?+ concentration over the range 0-01—2-4 mm 
(r = 0-97, n = 13). An e-fold increase in Ca?*+ caused a 4 mV increase in 
resting potential. 

The muscles were replaced in Ringer’s solution after 2 hr or when 
twitching became too violent. The presence of Ca*+ delayed the onset 
of the twitching which was associated with the decline of the hyper- 
polarization. Replacing the muscles in Ringer’s solution resulted in a 
return to normal values of resting potential within 1 hr and thereafter 
the membrane potential remained stable for a further 2 hr. 

Recent workers (Frankenhauser & Hodgkin, 1956; Huxley, 1959) have 
studied the role of Ca?+ in determining the selective permeability of the 
squid axon membrane particularly during activity. The present experi- 
ments indicate that in conditions where the external K* is very low the 
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selective permeability of the muscle membrane in the resting state is 
dependent to a marked degree on the Ca*+ concentration in the medium. 
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Structure of acetylcholine receptors in intestinal smooth muscle. 
By H. O. Sontup. Department of Pharmacology, University College 
London 


Evidence is presented suggesting that acetylcholine (ACh) receptors 
in guinea-pig ileum possess two reactive sites A and B. Site A reacts 
with the quaternary ammonium group of ACh and related compounds 
but fails to react with undissociated amines. Thus, at pH 9 the contractile 
effects of a weak base such as pilocarpine were abolished, whilst those of a 
strong base such as ACh were maintained. - 

In order to identify site B, the effects of ACh and tetramethylammonium 
(TMA) were tested after pre-treating the ileum preparation with various 
reagents. Any differential depression of ACh effects would indicate in- 
activation of site B, since TMA represents the cationic head of ACh which 
reacts only with site A. (The contractile action of TMA on ileum is mainly 
muscarinic since it is not abolished by hexamethonium.) Treatment of 
the ileum for 10 min with 8 x 10-5 polyethyleneimine—a polybase kindly 
provided by Professor Bergel—produced a marked differential depression 
of ACh, which persisted indefinitely. Polyethyleneimine produced these 
effects at pH 7 but not at pH 3-9. This may signify that site B contains an 
imidazole group, known to dissociate within this range. Differential 
depression of ACh also occurred after pre-treatment of the ileum with 
diazotized sulphanilic acid. This reagent probably reacts with imidazole 
groups. These findings suggest that the structure of the muscarinic ACh 
receptors in the ileum may be similar in some respects to the active 
surface of cholinesterase as revealed by the studies of Wilson & Bergmann 
(1950). 

REFERENCE 
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Defence reactions from the amygdala and the stria terminalis. 
By A. W. Zprozyna*. National Institute for Medical Research, 
Mill Hill, London, N.W. 7 | 7 


Stimulation in the amygdaloid nuclei produces a defence reaction similar 
to that described by Hess on stimulation of the hypothalamus (Kaada, 
Andersen & Jansen, 1948; Magnus & Lammers, 1956; Shealy & Peele, 
1957; De Molina & Hunsperger, 1959). 
_ In the present study the defence area in the amygdala was mapped in 

conscious cats with stereotactically implanted electrodes; it was located 
_ in the basal nuclei. Stimulation of this area in anaesthetized cats did 
not result in muscle vasodilatation, but in conscious cats an atropine- 
sensitive vasodilatation was registered by the venous temperature method 
(Abrahams, 1959). Thus the defence reaction elicited from the amygdala, . 
like that from the hypothalamus (Abrahams & Hilton, 1958), is associated 
with active muscle vasodilatation. | 

The resemblance of the defence reactions produced from the hypothala- 
‘mus and amygdala strongly supports the suggestion that the amygdala 
produces this reaction through activation of the diencephalic centre. 
Anatomical studies led to the belief that the stria terminalisis the main path- 
way conducting from the‘amygdala to the hypothalamus (Johnston, 1923; 
Fox, 1943), and Gloor’s (1955) finding of evoked potentials in the hypo- 
thalamus on stimulation of the amygdala appeared to support this view. 

Recently, De Molina & Hunsperger (1959) found that stimulation of the 
stria terminalis produced a defence reaction. They therefore suggested 
that the stria connects the amygdala with the hypothalamic centre for the 
defence reaction. In the present study it was confirmed that stimulation 
of the stria produces the defence reaction. It was also found to produce the 
atropine-sensitive muscle vasodilatation. Nevertheless, the stria terminalis 
is not the efferent pathway from the amygdala, because lesions placed in . 
the stria, either on one or on both sides, left the effect of stimulation in the 
amygdala unchanged. This finding raised the question whether the stria 
is not in fact conducting toward the defence area in the amygdala. 
Accordingly, an assembly of three electrodes was implanted along the 
course of the stria on one side, a lesion was made at the tip of the middle | 
electrode and its effect was tested by stimulation via electrodes on each 
side of the lesion. The defence reaction was ho longer obtainable from the 
electrode anterior to the lesion (on the hypothalamic side), while from the 
posterior electrode (on the amygdaloid side) a full defence reaction was 
obtained. These results show that the stria terminalis is not a pathway 
for the defence reaction from the amygdala to the hypothalamus but 


* Rockefeller Fellow. 
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that it is an afferent route activating the amygdala. The pathway from 
the amygdala to the — centre for the defence reaction is still 
unknown. 
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Some observations on the morphology of the intrafusal muscle 
fibre. By D. Barker and J. L. Grpumat. Department of Zoology, 
University of Hong Kong 


intrafusal muscle fibres of the cat are of three sizes, large, medium, 
and small. In Zenker-fixed paraffin sections the diameters of the large 
fibres usually fall within the range of 15-25, the medium fibres 10-15 p, 
and the small 4-9,,. The large fibres are the longest in the spindle and 
possess the characteristic myotube and nuclear-bag regions in the equa- 
torial region; we have never observed them to divide. The medium fibres 
possess nuclear bags or nuclear chains; they may or may not divide in 
their course through the spindle. The small fibres lack nuclear bags but 
usually possess a nuclear chain in the equatorial region; they are the 
shortest fibres present and always divide. In cross-section the large and 
medium fibres exhibit Kriiger’s (1952) fibrillar pattern throughout most of 
their course, while the small fibres’are predominantly areal. 

The division of a medium or small intrafusal muscle fibre is quite distinct 
from the condition where one fibre tapers off alongside another. A fibre 
about to divide may be seen in transverse section to lose its circular contour 
and become first oval and then hour-glass in shape before finally splitting 
into two, the conversion taking place over a distance of 60-90». Tapering 
occurs over much longer distances, usually 300-500 u. The divided condi- 
tion of intrafusal muscle fibres has been observed in spindles from rectus 
femoris, tenuissimus, teres minor, and intercostal muscles of cat; from pes 
interosseus IIT of hedgehog ; and from extensor digitorum longus IV of frog. 

Graphic reconstructions from serial transverse sections of five cat 
spindles (four single; one tandem) show that the products of medium and 
small-fibre division usually reunite, and that this may either result in the 
original ‘parent’ fibre being reformed, or in two ‘parent’ fibres sharing 
one ‘daughter’ fibre as a link between them. Fibre. division usually 
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occurs in the proximal pole followed by reuniting in the distal pole so 
that the number of muscle fibres in the equatorial region is greater than 
at the poles, sometimes almost double. Both division and re-uniting may 
also occur within the equatorial region, though always towards either end 
of the capsule. The single spindles studied in the cat consisted of four to 
six muscle fibres, and division and reuniting occurred two to three times 
jneach spindle. 


This investigation is supported by research grant B-1806 from the National Institute of 
Neurological Diseases and Blindness, U.S. Public Health Service. 
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Ionic movements in intestinal smooth muscle. By P. J. Gooprorp 
and K. HerMANnsen. Department of Pharmacology, University of 
Oxford — 

Forty-five pieces of guinea-pig taenia coli muscle were dissected by a stan- 
dardized procedure, and immersed in modified Krebs’s solution (136 mm-Na; 

59mmM-K; 2-5mm-Ca; 2mm-Mg; 130 mm-Cl; 15 mm-HCO,; 2-2 mm- 

phosphate; 11-5 mm-dextrose; 97% 0,+3% CO,; pH 7-3; 35° C) with a 

tension of 2g. The inulin space was determined on a further thirty-six 

pieces. A steady state was reached in which the ratios: 


wet wt. | dry wt. 
= 1-02, 0-191, 


= 68, Inulin space = 33%, 


did not change over a period of 6 hr. The ratio of cell volume to cell 
surface area V/A was 1:25 when determined histologically. Other pieces 
of taenia were transferred during the experimental period to a solution 
which contained either 24Na or 42K; they were removed after different 
times, dried, ashed, and their specific activities were compared with that 
of the solution. The specific activity of the sodium increased very rapidly 
(, + 1 min) to beyond 90% of that of the solution, and then continued 
to increase very slowly. The specific activity of the potassium rose more 
slowly, and appeared to show two components (¢; = 50 min and 8 hr). 

_ From these observations it may be calculated that. 55°% of the sodium 
was intracellular at a concentration of 80 mm/kg, and 97 % of the potas- 
sium at 100 mm/kg. An apparent hyperosmotic concentration of Na+K 
was also found by Daniel (1958). The potassium equilibrium potential 
would then be about — 70 mV and the sodium equilibrium potential about 
15 mV. Holman (1958) observed a mean resting potential of 51 mV, with 


100, 
kg wet wt. kg wet wt. 
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some values rising to 70mV, and a mean spike amplitude of 59 mV. 
It is difficult to interpret our results on the basis of the Goldman equation. 
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_ The metabolic basis for the inhibitory action of adrenaline on 
intestinal smooth muscle. By J. and Epitx 
Department of Pharmacology, University of Oxford 


Isolated guinea-pig taenia coli preparations were used for recording 


electrical and mechanical changes. Adrenaline relaxes this muscle because 
it stops spontaneous spike discharge. It renders the tissue inexcitable and 
it causes hyperpolarization (Biilbring, 1954; Burnstock, 1958). Axelsson, 


Bueding & Biilbring (1959) showed that adrenaline caused an increase 


in phosphorylase activity, and that this effect coincided with the electrical 
changes. When the metabolic action was prevented by prolonged exposure 
to glucose-free medium the effect of adrenaline was abolished. It was 
concluded that the activation of phosphorylase increased the rate of 
energy supply and led to an acceleration of the sodium pump. sy 

When the metabolic rate was increased by raising the temperature from 
28 to 38° C, an immediate cessation of spontaneous spike discharge and 
hyperpolarization was observed. This initial stabilization of the membrane 
lasted for several minutes before the new activity at higher temperature 
became established. 

Recently Biilbring & Goodford (unpublished results) found that when 
_ adrenaline relaxed the muscle, the rate of loss of ?4Na was increased and 
the rate of *4Na uptake was diminished. 

The electrical changes normally produced by adrenaline were not seen 


when the sodium of the medium was substituted by lithium. If in taenia 


coli lithium can only be extruded at a very slow rate, as shown for frog 
skeletal muscle by Keynes & Swan (1959), this may explain why adrenaline 
fails to produce its usual effect. 

The results obtained are consistent with the view that adrenaline causes 
its inhibitory effect on intestinal muscle by stimulating one reaction in 
a chain of metabolic cycles supplying energy for active mechanisms which 
stabilize the smooth muscle membrane. 
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Histidine decarboxylase activity in a malignant rat hepatoma. 
By D. Maoxay, P. B. Marswaty and J. F. Rizny. Department of 
Pharmacology and Therapeutics, Queen’s College, Dundee, University 
of St Andrews 

According to Kahlson (1960) the adaptive enzyme, histidine decarboxy- 
lase, undergoes dramatic increase in rat liver during active normal growth, 
as in the liver of the developing foetus and in adult liver regenerating after 
partial hepatectomy. The increased enzymatic activity in female rats is 
indicated by a rise in free histamine in the urine. 

We therefore tested the histidine decarboxylase activity of yet another 
rapidly growing type of liver tissue, a transplantable hepatoma (F-Hep)* 
which grows as a subcutaneous transplant in rats of the August strain. 

In female rats bearing a subcutaneously implanted hepatoma, the 
urinary histamine rose steeply from the normal level of 30-40 yg per rat 
per 24 hr to values in excess of 1 mg per rat per day. On removal of the 
tumour, the histamine excretion at once fell to the normal level. Portions 
of tumour were implanted into the controls whose urinary histamine 
values now rose. 

There is very little histidine decarboxylase activity in’ normal adult 
rat liver. High activity was found in homogenates of hepatoma tissue 
(approximately one-eighth the activity of guinea-pig kidney) and this 
was increased tenfold on the addition of pyridoxal-5’-phosphate. 
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Intrahepatic vascular pathways and the hepatic nerves. By 
W.H. H. Anprews and I. pet Rio Lozano. Department of Phar- 
macology, St Mary’s Hospital Medical School, London, W. 2 

Cannulae were inserted into the hepato-duodenal artery and a mesen- 
teric vein of anaesthetized dogs, cats and rabbits. Acetylcholine, noradren- 
aline and other substances were injected into the hepatic arterial and portal 
venous circulations and variations of general arterial pressure were used 
as indications of the amount of drug passing unchanged through the liver. 

These drugs affect the liver vessels and presumably influence the results. 

There was variation from animal to animal, but it did appear that the 

amount of drug destroyed by the liver could be changed by inhibiting the 

action of the hepatic nerves in all but three animals. Changes of tone 
in the hepatic artery or portal vein do not, by themselves, materially 
affect general arterial pressure. 


* Obtained through the kindness of Professor A. Haddow and Dr K. 8. Kirby, Institute 
of Cancer Research, Royal Cancer Hospital, London. 
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The effectiveness of hepatic arterial and portal venous injection were 
compared and the results expressed as a ratio. For acetylcholine the 
ratio was usually between 5 and 20:1; more drug was needed to produce 
a given response when injected into the portal vein than when into the 
artery. In two cats and one dog the ratio was between 1:1 and 3:1 and 
remained so throughout the experiment. Administration of acetylcholine 
via the femoral vein was from five to fifty times as effective as hepatic 
arterial injection. In six dogs the nerves which accompany the hepatic 
artery were cut. In one the responses to acetylcholine were unchanged ; 
in two, both hepatic arterial and portal venous injection had a bigger 
effect, and in the remaining three, hepatic arterial but not portal venous 
injection produced a bigger response. Hexamethonium bromide had a 
different effect and tended to reduce the ratio to 1:1, whether the nerves 

had been previously cut or not. In the one dog in which it was tried, 
- bretylium changed the ratio from 5:1 to 1:2. In cats section of nerves 
had a variable effect, but hexamethonium acted as in dogs. 

With adrenaline and noradrenaline the ratio of effectiveness between 
hepatic arterial and portal venous injection was less, though it followed 
the same pattern as acetylcholine injection. In rabbits, however, the ratio 
was between 5 and 15:1. After the administration of choline 2:6 xyly| 
ether bromide the ratio was considerably reduced. 

Autonomic nerves therefore appear to regulate hepatic vascular path- 
ways, but another method will have to be used to obtain more precise 
information. Nerve section has less effect than have inhibitors of nerve 
function, and the direction of change is not the same. No nerves other 
than thoge accompanying the hepatic artery have been found with a direct 
action on the liver blood flow’(Andrews, Hecker & Maegraith, 1958) and 
the possibility of intrahepatic nerve relays (cf. Burn & Rand, 1960) may 
have to be considered. 


The work was aided by a grant from the Medical Research Council. 
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Sheep heart; low resistance of intercalated disks to the move- 


ment of “K. By 8. Wempmann. Universitit Bern, Hallertanum, 
‘Phystologisches Institut, Switzerland 
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An instrument for measuring refractive errors. By H. M. F. 


AsHER. Department of Physiology, The Medical School, University of 
Birmingham 


The instrument demonstrated is a prototype developed from the 
laboratory device previously demonstrated (Asher, 1956), and is intended 
for clinical use. | | 


Axis of combination 


Correct axis 

indication revealed 

| \ — Angular scale 
4 


Flange 


Axis of combination 

Erroneous indication 


covered by flange 


Attachment of 
Ocylinder to flange 


Cross cylinder unit 


The chief modification concerns the Cross-Cylinder Unit. The relative 
rotation of the +3D and —3D cylinders may now take place in either 
direction from the zero (axes parallel) position. Suppose that when 
parallel the axes are at an angle of 45° to the vertical. Let the cylinders 
rotate so that the positive axis approaches the vertical and the negative 
the horizontal direction. The combination is now equivalent to a vertical 
+ and a horizontal — cylinder whose strengths increase with the angle of 
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rotation, and reach a maximum value of + 3D and — 3D when the cylinder 
axes are vertical and horizontal respectively. It can be shown that this 
combination is equivalent to a —6D cylinder axis horizontal combined 
with a +3D sphere. If, however, starting from the zero position, the 
rotation takes place in the reverse sense, then the combination becomes 
equivalent to a vertical negative and a horizontal positive cylinder, whose 
power increases to a limit of — 3D and + 3D. This combination is in turn 
equivalent to a — 6D cylinder axis vertical and a +3D sphere. 

Two arrows are marked on the framework of the Cross-Cylinder Unit 
(see figure), and according to the direction of rotation of the cylinders, 
either one arrow or the other will represent the minus axis of the com- 
bination. A flange from which a 90° sector has been removed is rigidly 
fixed to the minus cylinder so as to rotate with it. Only the arrow currently 
representing the direction of the minus axis is visible through the missing 
sector. The Unit as a whole may be rotated, and the axis of the patient’s 
cylindrical defect (which is always recorded as minus) is read from the 
arrow against an angular scale. 

The instrument has been, designed and couniuniad by Research 
Engineers Ltd., Northampton Grove, Canonbury, London, N. 1. 
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Rhythmic properties of insect fibrillar muscle. By K. E. Macuin 
and J. W.'8. Prinae. Department of Zoology, University of Cambridge 


The rhythmic properties of insect fibrillar muscle can be demonstrated 
simply by suspending a weight in air from one end of the muscle. The 
demonstration shows the independence of electrical and mechanical 
phenomena and the dependence of the frequency of contraction on the 
inertia of the load (Machin & Pringle, 1959). Measurements made with 
more elaborate (not transportable) apparatus (Machin & Pringle, 1960) 
have shown that the development of tension and the generation of 
oscillations are distinct properties of this muscle which can, under certain 
circumstances, be manifested independently. | 
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Measurement of temperature changes during the discharge of 
Electrophorus electricus. By X.M. J. Ausrert and R. D. Keynes. 
Physiological Laboratory, University of Cambridge 


The isolation of synaptic vesicles from the central nervous 
system. By E. G. Gray and V. P. Wuirraxer. Department of 
Anatomy, University College London; and Biochemistry Department, 
Agricultural Research Council Institute of Animal Physiology, 
Babraham, Cambridge 


Previous work (Hebb & Whittaker, 1958; Whittaker, 1959) showed 
that it is possible to isolate from sucrose homogenates of guinea-pig fore- 
brain a subcellular particulate fraction distinct from nuclei, mitochondria 
and microsomes, and containing most of the bound acetylcholine and 
hydroxytryptamine of the tissue. This fraction (B layer of P,; Whittaker, 
1959) has an equilibrium density in a sucrose density gradient inter- 
mediate between that of 0-8 and 1-0m sucrose. After fixing with osmium 
tetroxide, embedding in methacrylate and examination with the electron 
microscope (observations by K. M. Smith & G. J. Hills, quoted by 
Whittaker, 1959) the fraction was seen to consist of particles with diameters 

similar to those of synaptic vesicles (about 500 A). 

-. The various fractions (P,, P,, P;) have now been studied in the 
electron microscope by fixation with osmium tetroxide containing 
sucrose, and dehydration without resuspension. This procedure has 
the advantage of preserving delicate membranes. The material was 
subsequently stained with phosphotungstic acid and embedded in 
araldite, a method that has proved particularly valuable in the study of 
central nervous synapses (Gray, 1959). In the B fraction the smallest | 
particles are now clearly seen to be synaptic vesicles (Fig. 1) that 
are enveloped within membranes forming larger particles. These are 
identified as pinched-off nerve endings because they contain (a) the 
characteristic synaptic vesicles and (b) mitochondria, and (c) because 
the thickened region of the post-synaptic membrane sometimes remains 
attached as a marker. Possibly the thickening remains attached to the 
majority of endings, but only occasionally appears in the plane of section 
as would be expected. Thus the complete structure is identical with the . 
endings seen in sections of cerebral cortex (Gray, 1959). The ending is 
apparently torn off during homogenization and survives centrifugation 
intact. Similarly, in sections of damaged cerebral cortex, the endings 
survive mechanical disruption and the post-synaptic thickening remains 
attached, although the rest of the post-synaptic process has disintegrated 


(Gray, 1959). A number of small particles (x) are also present in the 
c2 
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B fraction, and until they have been identified conclusions must be 
tentative. 

Fraction P, is seen to contain nuclei, blood vessel fragments and 
myelin; P; contains the microsomes; FP, has three subfractions. A con- 
tains disrupted myelin and C the mitochondria. It is only in the B 


Fig. 1. Electron microgrephs of fraction B from guinea-pig forebrain. m, mito- 
chondria, sv, synaptic vesicles; 1, thickening of post-synaptic membrane, 
x, unidentified particles. : 
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layer that the endings, tightly packed with synaptic vesicles, are con- 
centrated, and here also substances to which a transmitter action has been 
- assigned are present. Thus a relationship between transmitter substance 
and synaptic vesicles has been established, although further experiments 
are necessary to establish that the transmitter is confined within the 
vesicles and not merely within the presynaptic membrane. Furthermore, 
by this method it should be possible to obtain samples of intact nerve 
endings from localized regions of the central nervous system and so detect 
and analyse their transmitter substances by direct methods. 
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Apparatus for recording the heart rate in conscious animals. 
By E. M. Guassr, J. P. Grirrmy and D. Knieut. Department of 
Physiology, The London Hospital Medical College, London, EH. 1 


The apparatus can be used to provide in quick succession any number of 
accurate counts of the heart rate from conscious animals, including small 
animals with heart rates of 10 or more beats/sec. 


Monitor 1 Monitor 2 


Differential 


amplifier scaler 


Discriminator 


Input. 


Time base Time switch | 


=r 


The electrical impulse of the heart is picked up from small indwelling 
platinum electrodes which can be inserted into the skin under light 
anaesthesia and which cause no subsequent discomfort. The amplifier has a 
differential input, and it is resistance-capacity coupled, with an amplifica- 
tion of 15x 104 and a frequency response of 10 c/s to 10 ke/s. The final 
stage is a compressor stage giving ‘single-ended’ output, and this is 


bal 
a ars 
' 
{ 
4 


38P PROCEEDINGS OF THE PHYSIOLOGI CAL 


monitored by a 1 in. (2:5 cm) cathode-ray tube. It is also connected to a 
discriminator which has a variable adjustment, allowing selection of the R 
spike of the e.c.g. and the discriminated signal is then monitored by another 
1 in. cathode-ray tube. Thus a direct comparison can be made between the 
amplified signal from the skin electrodes and the discriminated signal, 
with elimination of all interference, especially from muscles. 

Counting is done by a decade scaler into which the discriminated signal 
is fed via a time switch. The scaler consists of three Mullard ‘stepping 
tubes’ preceded by a fixed filter. The maximum count rate of the scaler 
is 4000 pulses/sec. Monitoring of the scaler during each count gives a 
further visual check. 

The time switch consists of a cathode coupled ‘flip-flop’ circuit which 
allows counting over 15sec with an error of +5%. Fully automatic 
counting with great accuracy over varying lengths of time can be obtained 
by inserting a time switch with crystal control. It is also possible to 
control the time of each count by an overriding manual switch. 

A multiple switch on the input side allows quick changes from one 
animal to another, if necessary. Permanent records of the count can be 
obtained by feeding the signal into an oscilloscope with a camera or into a 
direct-writing device. The apparatus can be used for counting the heart 
rate in man by using ordinary skin electrodes, and it can be converted for 
almost any physiological experiment in which electrical impulses have to 
be counted over given periods of time. 


A method of applying temperature compensation to capacitance 
transducer heads. By G. W. CampripGE and J. Harngs. Phar- 
macology Laboratory, John Wyeth and Brother Limited, Havant, Hants 


By means of the quartz crystal-controlled transducer system previously 
described (Cambridge & Haines, 1959) it is possible to check and adjust for 
any internal drift arising in the system itself when considered without the 
_ transducer elements. A drift of less than 10 mV on a 20 V output is normal 
after thermal equilibrium has been reached. Drift caused by a change in 
temperature affecting the transducing element may then become very 
much greater than the internal drift. This applies, for example, to capacit- 
ance-type pressure transducers which may be exposed to varying environ- 
mental temperature. This drift is the result of mechanical forces which 
alter the relative disposition of the plates of the capacitor. 

A method of temperature compensation will be demonstrated which 
reduces this drift to negligible proportions. It is based on the use of 
negative temperature-coefficient capacitors in parallel with the capacitance 
plates, the values being calculated to produce an over-all zero temperature 
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coefficient. This type of compensation can also be applied to the in- 
ductance-change transducer head which can be used with this system. 


REFERENCE 
CAMBRIDGE, G. W. & Hatnzs, J. (1959). J. Physiol. 149, 2-3P. 


Eructation and rumen movements in sheep. By C. S. W. Rem. 
Physiological Laboratory, University of Cambridge 


A sequence of contractions of the reticulum and rumen, recurring at 
intervals of 30-180 sec, has been described in sheep and cattle (Schalk & 
Amadon, 1928; Phillipson, 1939). This consists normally of a diphasic 
contraction of the reticulum, followed by a variable cycle of contractions 
of the rumen which successively involves’ its different structures. The 
nature of other rumen contractions, which may occur independently of 
those of the reticulum, is less well defined. Many of these contractions 
occur in a definite relationship to eructation; this is not constant, nor are 
the contractions essential for eructation to occur. 

With partial exteriorizations of the reticulum and different regions of 
the rumen (Titchen, 1958), it has proved possible to define more clearly 
the sequence of contractions with which eructation may be associated. 
Direct observation, cine-photography and the technique of recording 
previously described (Reid & Titchen, 1959) have been used for this 
purpose. 

Weiss (1953) deduced from pressure records that rumen contractions 
associated with eructation successively involved first the more posterior 
, Tegions of the dorsal sac and later the anterior regions of the dorsal rumen. 

The present evidence indicates that the sequence of events varies con- 
siderably, but most commonly the first contraction seen is one of the 
- posterior ventral blind sac of the rumen. The onset of this contraction 
precedes by 1-7 sec one of the dorsal rumen. This contraction of the dorsal 
rumen, in contrast to those associated with reticulum contractions, appears 
to involve all parts simultaneously and is also accompanied by a weak 
contraction of the ventral sac of the rumen. A contraction of abdominal 
muscles, followed by eructation, may occur during the contraction of the 
dorsal sac of the rumen. The whole sequence finishes with a strong con- 
traction of the main ventral sac of the rumen. 

The dorsal rumen contractions associated with contractions of the 
reticulum occur first in the anterior region and then after 0-2-2-0 sec in 
the more posterior region. These contractions are stronger and of longer 
duration than those which occur independently. | 
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Myelinating and non-myelinating nerve fibres during develop- 
ment: a new component of the endoplasmic reticulum of 
Schwann cells. By J. D. Roprrtson. Department of Anatomy, 
University College London 


Developing mouse sciatic nerves were studied by electron microscopy, 
by using serial sectioning techniques, OsO, and KMn0Q, fixation and various 


staining procedures. Selected micrographs illustrate several new findings. 


First, serial transverse sections completely through several nodes of 
Ranvier have shown that the direction of the myelin spiral from one 
internodal segment to the next is sometimes the same and sometimes 
reversed. 

Non-myelinating fibres during early development (Robertson, 1960) 
resemble olfactory nerve fibres (Gasser, 1956) in that bundles of large 
numbers of axons are seen enveloped by one or more Schwann cells. The 
axons in OsQ, fixed preparations contain numerous transected neurofila- 
ments and the Schwann cells have relatively abundant granular endo- 
plasmic reticulum (ER). The neurofilaments measure from <100 A in 
diameter to ~ 200 A. The eosaller ones appear solid and the larger ones 
have cores of lower density. 

There is a marked variation in the diameters of the axons in a given 


plane of section. These range from ~ 750-1000 A up to more than a micron — 


in diameter. Serial reconstructions have established that the smallest 
profiles are constrictions along the longitudinal axis of large axons locally 
reducing their diameter by a factor of about ten. These constrictions are 
also common in myelinating fibres. This is shown in serial reconstructions. 
It may be that the constrictions are instrumental in the formation of 
myelin by inducing a spiral growth of the inner lip of the Schwann cell 
next to the axon. 

- During the formation of myelin, after several wat lamellae have been 
laid down, the outer nucleated layer of the Schwann cell becomes enlarged 
and packed with granular endoplasmic reticulum and moderate numbers of 
a peculiar spiral organelle for which the term ‘growth spiral’ is proposed. 
A transection of a growth spiral after KMnO, fixation is shown in Fig. 1. 
This is interpreted diagrammatically in Fig. 2. These structures are 
~ 0:3-0-4. in diameter and several microns long. They are disposed 
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parallel to the long axis of the nerve. Each consists essentially of a flattened 
sac of the ER wrapped in a perfect simple spiral about a central core of 
cytoplasmic matrix containing ribosomes (‘r’, Fig. 2). The spiral sac is 
bounded by a unit membrane that is differentiated in two ways. The outer 
component of each loop (1, Fig. 2), while measuring ~ 75 A in thickness, 


te 
\ 
; 
te 


42P PROCEEDINGS OF THE PHYSIOLOGICAL 


appears dense and granular and does not show the characteristic three 
strata of the unit membrane. The inner membrane into which the outer 
one changes gradually (2, Fig. 2) does show the three characteristic strata, 
but the cytoplasmic dense layer is unusually prominent and thickened 
slightly. The content of the spirally wound sac bounded by the differ- 
entiated membranes is unremarkable and in some places obliterated by 
contact of the membranes. There is a thin (~ 100 A) layer of cyto- 
plasmic matrix enclosed between the loops of the sac. This appears more 
dense after uranyl acetate or lead hydroxide staining and may thus con- 
tain closely packed ribosomes. The outermost membrane surface has more 
discrete and obvious attached ribosomes. The entire structure is cigar- 
shaped, tapering at its ends by a reduction in the number of loops of the 
spiral sac. The sac has been traced in serial sections into continuity with 
ordinary cisternae of the granular ER. The core opens directly into the 
cytoplasmic matrix without a constriction. This structure may represent 
a centre of synthesis of ER membranes. The spiral structure may result 
from a higher rate of growth of the outer membrane bounding the sac. 

One might draw an analogy between the growth spiral and a spirally 
wrapped bimetallic sheet, the outer member of which expands more 
rapidly on heating. The outer membrane of the growth spiral would expand 
in an analogous way if it were the seat of relatively intense synthetic 
activity and that there is some difference here is indicated by the different 
fixation characteristics. 
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A micromanipulator for the penetration of Protozoa and bio- 
logical tissues with saline-filled electrodes. By M.S. Brnatey. 
Department of Zoology, University of London King’s College, London, 
W.C. 2:and E. Saunpers-Sinaer, London Street, Reading 


A mains-driven biological DC amplifier. By M.S. Brnetxy. Depart- 
ment of Zoology, University of London King’s College, London, W.C 2 


A model of auditory. ossicles (film). By B. H. C. Marruews. 
Physiological Laboratory, University of Cambridge - 


Axo-dendritic synapses of the tectospinal tract in the chicken. 
By P. Giens. University Laboratory of Physiology, Oxford 
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Some tricks with correlation. By P. E. K. Donaupson and H. B. 
Bartow. Physiological Laboratory, University of Cambridge 


A versatile console for electrophysiology. By P. E. K. Donaupson. 
Physiological Laboratory, University of Cambridge 


Multi-channel pressure recording. By F. Howartu. Department of 
Pharmacology, University of Cambridge 


A technique for reversible functional adrenalectomy in the living 
dog. By E. B. Verney. Department of Pharmacology, University 
of Cambridge | 


The effect of anticholinesterases on the action of acetylcholine 
on mammalian non-myelinated nerve fibres. By Curistinz J. 
ArmeEtTT and J. M. Ritcutr. Albert Hinstein College of Medicine, New 
York 61, N.Y., U.S.A. 


Recent experiments on isolated desheathed nerves mounted in the 
sucrose-gap apparatus described by Stimpfli (1954) have shown that 
acetylcholine in a concentration of 3x 10-*g/ml. depolarizes the non- 
myelinated fibres in the rabbit’s thoracic vagus trunk by more than 1 mV 
(Armett & Ritchie, 1960). The acetylcholine also reduces the spike height 
by about 30%, causes a characteristic enhancement of the spike after- 
positivity and slows conduction. These latter changes are probably a direct 
result of the depolarization because the first two of them can be reversed 
by hyperpolarizing the preparation with an external current. (The effect 
of hyperpolarization on conduction velocity has not been studied.) 
Carbachol (3 x 10~* g/ml.) has an effect similar to that of acetylcholine. 

Since it is well known that anticholinesterases potentiate the action of 
acetylcholine at various junctional sites, we were surprised to find that in 
the presence of eserine (1 —3 x 10-> g/ml.) the action of acetylcholine on 
the non-myelinated fibres was reduced. Thus, in a series of three successive 
_ tests on one nerve where two exposures to a concentration of acetylcholine 
3 x 10-* g/ml. in the absence of eserine caused reductions in spike height of 
26 and 27 %, respectively, a third exposure to the same amount of acetyl- 
choline in the presence of eserine 3 x 10-5 g/ml. caused a reduction of only 
9%; usually the effect of eserine was even more pronounced and the 
response to acetylcholine was sometimes completely abolished. 

The action of acetylcholine was also much reduced or abolished 
by the anticholinesterases, DFP and prostigmine; it was similarly 
reduced by edrophonium which has some anticholinesterase activity. The 
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concentrations required however (10-*— 10-* g/ml.) are much higher than 
are required with eserine. ‘ 

Two possible explanations for the effect of these anticholinesterases in 
blocking the action of acetylcholine are: first, that they allow accumulation 
of acetylcholine at some receptor site in such excessive amounts that the 
receptor becomes refractory to the acetylcholine; and secondly, that the 
anticholinesterases actually compete with acetylcholine at this site and thus 
block its action. Since in the untreated nerve a thirtyfold increase in the 
testing dose of acetylcholine (from 3 x 10~* to 10~* g/ml.) does not lead to a 
smaller reduction in the spike height, and since the action of carbachol 
(a drug which is not hydrolysed by cholinesterase) is also inhibited by the 
anticholinesterases used in the present experiment, the first possibility can 
be rejected and the second intriguing possibility remains. 
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Changes in adrenal cortical function after pituitary stalk 


section in the rhesus monkey. By P. M. Danrztz*, O. E. Pratt 
and C. 8. Trer*. Department of Neuropathology, Institute of 
Psychiatry, Maudsley Hospital, Denmark Hill, London, S.E. 5 


Cutting the pituitary stalk in rhesus monkeys causes extensive necrosis 
of the anterior lobe of the pituitary (Daniel, Prichard & Smith, 1959). The 
long-term effects of this procedure on adrenal cortical function have been 
assessed in nine rhesus monkeys by determining the plasma level of steroid 


(assumed to be mainly hydrocortisone) which gives a Porter-Silber (1950) 


reaction and by estimating the insulin tolerance. An impenetrable barrier 
was placed between the hypothalamus and the pituitary after the stalk 
. had been cut. Mid-morning estimations of plasma steroid levels were made 
before operation and from 1 to 34 weeks afterwards. The solvent extraction 
and micropartition method used was based on that of Eik-Nes (1957) and 
the results expressed as ‘hydrocortisone’. The pre-operative level was 
24-8yg/100 ml. (s.D. of mean +0-8yug/100 ml.). It fell sharply after 
operation to a minimum value of about 25-30 % of the pre-operative levels 


after 15-20 days, but rose to 60-70% of the pre-operative level after 


_ 50-100 days survival (Fig. 1). 

Insulin tolerance tests carried out before and 1-5 months after operation 
showed increased sensitivity to insulin after operation, but the blood 
glucose rose in a normal way towards the initial level some 30-40 min 


* Assisted by a grant from the Ford Foundation. 
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after the insulin dose. Knobil & Greep (1959) found no such rise in hypo- 
physectomized monkeys unless cortisone or pituitary extract had been 
given shortly before the insulin tolerance test. _ 


100 - 
= 
ES 
o 50 100 . 150 200 250 
Time after operation (days) 


Fig. 1. Effect of pituitary stalk section on the ‘hydrocortisone’ (free steroid giving - 
a Porter—Silber reaction) in the plasma of peripheral blood of nine rhesus monkeys. — 


Our findings suggest that there was a partial recovery of adrenal cortical — 
steroid secretion some weeks after pituitary stalk section, despite a 
permanent interruption of the hypothalamohypophysial pathway. 
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The distribution of light in an image formed in the cat’s eye. 
By F. H. C. Marriotr and Vaterie B. Morris. University 
Laboratory of Physiology, Oxford 


Temperature and the action of denervated sweat glands in the 
cat’s foot pad. By D. P.C. Luoyp. The Rockefeller Institute, New 
York, U.S.A. 


Experiments have been designed to investigate in controlled circum- 
stances one facet of the problem of thermal sweating; namely, the action 
of the peripheral effector itself. Temperature has been varied over a 
physiological range avoiding unduly high and potentially or actually 
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injurious temperatures that might be expected to cause non-nervous 
secretion by damage (Randall, 1947). 

Latency for sweat emergence in response to a test motor nerve stimula- 
tion varies linearly with duration of the rest period permitted following a 
maximal conditioning stimulation (Lloyd, 1959). On varying temperatures 
the linear relation is preserved, but the slope of the plot varies, latencies 
becoming shorter at elevated temperatures. The permitted rest period 
being fixed in duration, emergence latency varies linearly and inversely as 
the temperature. Reabsorption rate, as measured by recovery of impe- 
dance across the foot pad following a bout of maximal activity (Lloyd, 
1960), varies as the temperature. In short, a rise in temperature enhances 
both secretory and reabsorptive activity of the sweat glands, the former 
necessarily in greater degree than the latter. This implies that the sweat 
glands during thermal sweating would yield per nerve impulse sweat in 
amount varying with local temperature. It does not necessarily imply that 
non-nervous thermal sweating occurs. 

To test the possibility that sweat formation, perhaps in amount in- 
sufficient to constitute sweating, occurs during and as a direct consequence 
of warming, potential changes across the foot pad have been recorded and 
these compared with changes due to the action of injected pilocarpine. 
During sweat formation and consequent duct filling the maximal action 
potential in response to single motor volleys, as recorded, increases in 
magnitude due to lowering of in-series resistance. The change is large 
following pilocarpine injection; it is doubtfully present on warming. These 
results are inconclusive, but provide considerable evidence for supposing 
that non-nervous sweating, if indeed it occurs at all, is a negligible factor 
in the causation of increased sweat gland function at increased temperature. 
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The parts played by superficial and by deep temperature 
receptors in raising the metabolic rate of fat and thin men 
exposed to cold. By W. R. Keatiner*. Department of Experimental 
Medicine, Medical Research Council and U niversity of Cambridge 


Both surface (Uprus, Gaylor & Carmichael, 1935; Spurr, Hutt & 
Horvath, 1957) and deep (Sherrington, 1923-4; Carlson, 1954) temperature 
receptors play a part in the metabolic response to cold, but their 
relative importance is uncertain. Since fat men can reduce their loss of 


* Elmore Student, and Research Fellow of Pembroke College, Cambridge. 
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heat more than thin men in cold water, the metabolic response of fat and 
thin men to cold water has been measured both immediately after immersion 
when cutaneous stimulation was likely to be important, and after they had 
reached a steady state of heat exchange when deep temperature might 
play a greater part. First, ten fat and thin men were immersed motionless 
for 30 min in water at 15° C. In the first 10 min the metabolic rates of thin 
men were little higher than those of fat men, and there were considerable 
individual variations in metabolic rate not related to fatness. The metabolic 
rates of thin men only rose substantially above those of the fat men in the 
next 20 min when the thin men’s rectal temperatures were falling rapidly. 

Fat and thin men were then allowed to achieve temperature stability in 
water at various temperatures. Their metabolic. rates always rose if the 
water was colder than 33-34° C, but those of thin men rose considerably 
more than those of fat men. The stable rectal temperatures of the thin men 
were lower in cold than warmer water, while those of fat men were not. It 
is concluded that cutaneous receptors play a large part in the metabolic 
response of fat and thin men to cold of short duration, and of fat men 
during longer exposure to cold, but that stimulation of deep temperature 
receptors enables thin men to match their metabolic rate to their relatively 
high heat loss during long exposures to cold. 
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The effects of intraventricular iproniazid on the rat. By 
Department of Pharmacology, Guy’s Hospital Medical 
School, London, | 


A characteristic series of behavioural changes followed the injection of 
doses of 40-120 yg of iproniazid into the lateral ventricles of conscious rats 
by the technique of Lindsay, Robson & Sinclair (1959). In all animals 
there was an initial phase of excessive movements of the vibrissae and 
rapid rhythmic movements of the jaws. Following this, in most animals 
there was an increase of muscle tone and waxy flexibility of the limbs on the 
contralateral side. There were also clonic movements of the head, trunk 
and limbs, and in some animals, at the higher dose range, seizures occurred. 
The latter commenced on one side of the head, then involved the pinna 
and shoulder muscles and finally the trunk and limbs; they lasted for up 
to 15 sec. The total duration of the effects produced varied between 30 and 
120 min. 
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Similar changes of behaviour were recorded after the intraventricular 
injection of similar doses of isoniazid, which is also a hydrazine derivative 
but which is not an amine oxidase inhibitor. They could be prevented by 
the previous intraperitoneal injection of pyridoxine (10 mg/kg) and 
y-amino butyric acid (400 mg/kg) or the previous intraventricular admini- 
stration of 60g of Pyridoxal. 

Killam & Bain (1957) and Killam (1957) have shown that. hydrazides 
increase seizure activity in the cat brain and also deplete it of y-amino 
butyric acid by inhibiting the decarboxylation of L-glutamate. Dasgupta, 
Killam & Killam (1958) have reported that hydrazide induced hippo- 
campal seizures in cats may be prevented by the pre-administration of 
y-aminobutyric acid intraventricularly. It is suggested that the effects 
produced by iproniazid and isoniazid in the experiments reported here may 
be related to the cerebral depletion of y-aminobutyric acid. 
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Dorsal root reflexes in muscle afferent fibres. By J. C. EcciEs, 
W. Kozak and F. Maant. Department of Physiology, The Australian 
National University, Canberra, A.C.T., Australia 

As reported by Brooks, Koizumi & Malcolm (1955) and Brooks & 

Koizumi (1956) for the cooled animal, volleys in muscle afferents evoke 

reflex discharges into muscle afferents, which in general resemble the 

dorsal root reflexes (DRRs) that occur between cutaneous afferents 


(Barron & Matthews, 1935; Toennies, 1938). Both Group Ia and Ib 


afferent impulses are effective producers of DRRs, II and III being 
impotent, but the DRR occurs almost entirely in Ia fibres. Flexor afferents 
are much more effective than extensors, but both are equally good 
recipients. Ia and Ib volleys in the same or different nerves sum very 
effectively, simultaneous volleys in several flexor nerves produéing small 
DRRs even at 38°C, and at 34°C large repetitive discharges virtually 
maximal for Ia. Central latency is about 5 msec and total duration up to 
20 msec. With volley intervals longer than 10 msec summation gives place 
to depression, there being depressed DRRs with frequencies above 0-2/sec 
and complete suppression at 5—10/sec, 

Group I muscle volleys produce a large prolonged potential field, the 
dorsal side of the cord being positive to the ventral, with a latency of about 
4 msec and total duration of 100 msec, The relative effectiveness of muscle 
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volleys resembles their potency in producing DRRs. The topography of 
the potential field shows it to be produced by neurones of the intermediate 
nucleus, presumably by the after-hyperpolarization following spike dis- 
charge (Eccles, Eccles & Lundberg, 1960), the axonal terminals in the 
motoneuronal nucleus being sinks to the soma sources. Direct testing of 
excitability of muscle primary afferents by brief pulses through a micro- 
electrode shows that a pronounced over-excitability of Ia fibres in the 
ventral horn follows the time course of the negative field there. Thus it 
would appear that the DRR is due to the depolarization which the potential 
field produces in the Ia afferent fibres in the ventral horn. Accommodation 
would account for the brief duration of the DRR and for depression with 
repetitive stimulation. However, it does not seem possible to reconcile 
several findings with this simple explanation of the DRR, a particular 
difficulty being that the over-excitability of the muscle afferent fibres 
extends right through the dorsal regions of the cord, where they would be | 
anodally polarized by the potential field. 
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The distribution of recurrent inhibition among motoneurones. 
By Rosamonp M. A. Iaco* and M. Ito. Department of 
Physiology, The Australian National University, Canberra, Australia 


Samples of from seven, to seventy-five of the motoneurones in the 
ventral horn nuclei supplying the hind limb were investigated. by intra- 
cellular recording. The strength of the recurrent inhibition of each moto- 
neurone was tested by firing single maximal antidromic volleys along 
individual muscle nerves in sequence and recording subsequent events in 
the motoneurone. The ten cats were lightly anaesthetized with Na pento- 
barbitol, the dorsal roots were cut and the spinal cord was divided at L2. 
The relation between the duration of the positive after-potential (AHP) 
and the conduction velocity of the motor axon, established by’ Eccles, 
Eccles & Lundberg (1958), was confirmed; in particular the motoneurones 
(tonic « motoneurones of Granit) supplying the soleus muscle had long 
after-hyperpolarizations (about 150 msec) and slow axonal conduction 
velocities (< 70 m/sec). When the aggregate inhibitory post-synaptic 
potential (IPSP) for individual cells, which was obtained by adding 
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together the peak amplitudes of the IPSP generated by each muscle nerve 
alone, was plotted against the duration of the AHP, an almost linear 
relation was found, i.e. the longer the AHP the greater was the inhibitory 
potential. This means that the tonic « motoneurones are strongly in- 
hibited by recurrent collaterals, whereas some of the phasic motoneurones 
are almost unaffected. 

The relative sizes of the IPSP generated by different muscle nerves also 
depended on the position of a motoneurone in the spinal cord both longi- 
tudinally and dorsoventrally. The posterior biceps (PB) nucleus, which 
extends over about two segments, was systematically investigated. In one 
cat the IPSP generated in PB motoneurones was largest. rostrally for 
anterior biceps volleys and largest caudally for medial gastrocnemius 
volleys. At any one level of the spinal cord there was, however, a highly 
consistent pattern, so that inadequate sampling could lead to an apparently 
meaningful result. 

When the input pattern was calculated for the average cell of each 
nucleus and not for the individual cell, the effect of the position of the 
nucleus in the cord, although somewhat blurred, was still dominant. Two 
additional features were shown up by this analysis. First, individual 
nuclei were inhibited most strongly by their own axon-collaterals, with the 
striking exception of soleus, which was more strongly inhibited by adjacent 
nuclei than by itself. Secondly, some muscle nerves were very weak in 
causing inhibition, particularly plantar nerves, peroneal, flexor digitorum 
longus and soleus, whereas others, e.g. anterior biceps, medial and lateral 
gastrocnemius, were very effective. 

These results suggest that, in addition to any direct influence of the 
muscle of origin, the recurrent collaterals have an important function in 
suppressing the tonic postural motoneurones. Such an action would be 
effective in removing the resistance of any postural tone in the red muscles 
of a limb when a quick movement was initiated by the phasic motoneurones. 

Recurrent facilitation, in the form of a later small depolarization, was 
recorded very infrequently. 
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Separation of slowly-exchanging fractions of the potassium of 
rabbit auricles. By A. and M. WEATHERALL. 
Department of Pharmacology, London Hospital Medical College, 
London, H.1 

Part of the potassium in rabbit auricles iahaligne more slowly than the 
rest (Weatherall, 1959). The accelerated loss of “2K known to occur from 
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auricles treated with 2:4-dinitrophenol (DNP) could theoretically result 
from failure to concentrate potassium in such a slowly-exchanging fraction 
_ (Weatherall, 1960). The enzymes sensitive to DNP are largely located in 
mitochondria (Brody, 1955) and it is possible that the slowly-exchanging 
potassium is in the same fraction of the tissue. 

To test this hypothesis unseparated pairs of rabbit auricles were 
immersed in modified Krebs’s saline at 37° C for 15 or 45 min. Sometimes 
the medium contained “KCl, or the auricles were transferred from inactive 
to “K medium; the period in tracer was always 15 min. In some experi- 
ments both inactive and active medium contained DNP (10-*m). After 
immersion the auricles were rinsed briefly with inactive medium, cooled, 
chopped finely, ground with sand and suspended in sucrose (0:28m)- 
sodium versene (0-01m) adjusted to pH 7-4. Deposits were obtained from 
this initial suspension at 1000, 45,000, and 800,000 g-min, corresponding 
roughly to coarse tissue debris, sarcosomes and microsomes respectively. 
The coarse debris was resuspended and a second set of deposits obtained 
from it. All these operations were done at 0-2° C. Media were separated 
_ from deposit by decanting and finally with a fine pipette. The deposits 
were extracted with boiling water for 20 min, or ashed and dissolved, and 
the K, Na, and when appropriate the “*K, of each fraction estimated. The 
Na content of the deposits was assumed to be due entirely to unremoved 
medium, and the **K and K contents were corrected accordingly. 

The mean total K recovered from untreated pairs of auricles and the 
specific activity estimated by combining the K and “K for the various 
fractions agreed with previous estimations on unfractionated auricles, and 
showed that the recoveries of K and “*K are satisfactory. The coarse deposit 
contained 10-13 % of the tissue K, virtually unexchanged. The high-speed 
deposits in all experiments contained measurable amounts of potassium, 
about 4% of the total K of the tissue. The potassium in the ‘deposits had a 
specific activity generally about one tenth of that in the residual super- 
natant. This specific activity was lower when the auricles had been 
immersed in inactive medium for 30 min than when they were put directly 
into “2K medium. In the presence of DNP there was slightly less potassium 
in the deposits and the specific activity was significantly lower than in any 
controls. 

These experiments show that part of the tissue potassium is associated 
with intracellular particles, that this potassium exchanges more slowly 
than the rest, and that uptake into the slow fraction or fractions is blocked 
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The spectral sensitivities of the clawed toad, Xenopus laevis, on 
white and black backgrounds. By Priscmia H. Stranee. Visual 
Research Division, Ophthalmological Research Unit, Institute of 
Ophthalmology, Judd Street, London, W.C. 1 


The spectral sensitivities of Xenopus on (a) a white background, and 
(b) a black background, have been compared by using partial contraction 
or expansion of the skin melanophores on the toes as a threshold criterion. 
On the white background the spectral sensitivity function is a simple 
broad curve, with a flat maximum at about 500 my; on a black back- 
ground the spectral sensitivity is nearly the same as this, except in the 
region around 490 my, where there is a narrow range of wave-lengths for 
which the black background threshold is about 0-9 log. units less sensitive 
than the white. The results on a black background are in general agree- 
ment with Denton & Pirenne’s results under these conditions (1954). 

‘Dartnall (1956) separated two photosensitive pigments, maximal at 
523 and 502 my, from the retina of Xenopus, present in the proportions 
92 to 8%. The white-background sensitivity has a maximum compatible 
with the latter pigment, and the black-background sensitivity has the 
two-humped form interpreted by Dartnall as the modulus of the difference 
between the absorption spectra of the two pigments. 
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The effect of neuraxial ablations upon the secretion of electrolyte- 
active steroid. By J. Buam-West, J. D. A. Denton, 
J. R. Goprne, J. A. Munro and R. D. Wricut. Department of 
Physiology, University of Melbourne, Australia 
Emotional disturbance affects electrolyte-active steroid secretion 
(Denton & McDonald, 1957). Neural ablations affect aldosterone secretion 
during haemorrhage (Farrell, 1958). Depleted sheep and rats show highly 
selective appetites for Na salts (Richter 1958; Denton, Goding & Wright 
1959, 1960). Thus the nervous system probably participates in the control 
of aldosterone secretion. Cross-circulation experiments in sheep and dogs 
(Denton, Goding & Wright, 1959) (Yankopoulos, Davis, Kliman & 
Peterson, 1959) show that aldosterone secretion is activated via a blood- 
borne stimulus in Na* depletion and caval constriction. Increased secre- 
tion could result from increase of an activator or decrease of an inhibitor. 
The nervous system might affect the adrenal: (1) by secreting activating 
or inhibitory substances into the blood stream upon depletion or repletion 
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respectively ; (2) by causing secretion of such substances from some other 
part of the body; (3) by modifying such secretion by some other part of 
the body: or (4) it might have no direct action at all. 

With these propositions in view ablation experiments were carried out. 
The Nat: K* ratio of the saliva was taken as the quantitative index of 
secretion of aldosterone (Denton, Goding & Wright, 1960; Coghlan, 
Denton, Goding & Wright, 1960). 

Sheep were taken in two groups, Na+ depleted and Nat replete. The 
plan of detection of removal of an activator or inhibitor in depleted sheep 


was as follows: 
Depleted sheep with ablation rostral to 


Post-thalamic region (6) Rostral pons (4) Spinomedullary 
junction (7) 
Effect of Nat replace- Ablation Nat re- Ablation Nat re 
ablation ment . placement placement 


Most animals also underwent hypophysectomy. A similar plan was 
followed for Na+ replete sheep, with observation of the effect of Nat 
depletion induced after the ablation. 

The results were: 

(1) With two qualified exceptions in seincomeiulings ablation, no 
ablation in depleted sheep caused the salivary Na+: K+ ratio to rise to 
normal or post-adrenalectomy levels. The brain is therefore not the sole 
source of activation of aldosterone secretion. 

(2) Noablations caused the salivary Nat: K+ ratio of replete sheep to fall, 
within 6 hr. The brain is therefore not a sole source of an inhibitor, the 
removal of which increases aldosterone secretion. 

(3) The only preparations in which Na* repletion after ablation caused 
a rapid increase in the Na+: K+ ratio were two with ablation rostral to the 
posterior thalamus. 

(4) There were episodes in which salivary Nat: K+ fell subsequent to 
each of these types of ablation, indicating that neither the encephalon nor 
the pituitary is essential for this to occur. With the more anterior ablations 
fall in the Na+: K+ ratio occurred in association with developing Nat 
deficiency, but with spinomedullary ablation decreases occurred without 
Na* deficiency. 

(5) Changes in salivary Na*: K+ ratio occurred after ablations of all 
types, but were not consistent with any simple explanation. The variability 
may have been due to irritative, paralytic, or release phenomena in the 


persisting or induced by the experimental procedures. 
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Epidermis as a thick membrane. By R. T. TrecEar. Chemical 
Defence Experimental Establishment, Porton Down, Salisbury, Wilts 


Treherne (1956) found that the epidermis of excised rabbit skin behaved 
as a lipoidal membrane of definite storage capacity when organic sub- 
stances were allowed to diffuse through it. In the present experiments an 
organic liquid, tri-n-butyl phosphate (TBP), labelled with *P, was placed 
in 1 mg drops either on intact skin or on excised skin superfused on the 
dermal surface with Ringer’s solution; the penetration of the TBP was 
estimated from its radioactivity. In both preparations the penetration 
was not immediate, but the rate rose exponentially to a steady level, 
indicating the presence of some storage capacity. The time constant of the 
rise (r) and the steady level reached (p) varied widely between the species 
tested and the modes of preparation used, but the multiple pr was com- 
paratively constant (Table 1). Since pr should, on a simple theory, be 
proportional to the storage capacity per unit area of skin, this constancy 
suggests that both pig and rabbit skin have similar storage capacities 
despite the difference in their epidermal structure. 

The effect of circulatory changes on skin penetration was examined in 
perfused rabbit thigh skin (Feldberg & Paton, 1951). Above a perfusion 
flow of approx. 10 yl./min/cm? of perfused skin the penetration rate was 


TABLE 1. Penetration of TBP through excised and intact flank skin: time constant of the 
exponential rise (r) and the steady penetration reached (p) 


Species 7(min) p(pg/em*/min) pr 
Rabbit Intact 15*.. 2-20 33 
Excised 80 0-43 34 
Pig Intact 80 0-34 27 
Excised 300 0-12 _ 386 
Each result is the mean of 4-8 experiments. * Measured on perfused skin. 


only slightly dependent on the flow, indicating that the TBP concentration 
beneath the epidermis was negligible. As this flow was achieved with only 
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moderate perfusion pressures (25-50 mm Hg) it may normally occur in 
warm skin; this would explain why intact skin was more penetrable than 
excised skin (Table 1). 
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The effect of anoxia produced by removal of red cells on aldosterone 
secretion from the dog adrenal. By HoLzBavEr* 
and MarTHE Voat. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 


The haematocrit was lowered in dogs Usnataithvohdal with chloralose) 
by simultaneous exchange of blood for homologous plasma, thus causing 
anaemia while leaving the circulatory blood volume unchanged. By 
exchanging 40 ml./kg the cell volume was reduced from about 50 to 
approximately 25%. This led immediately to an increase in secretion of 
aldosterone estimated in samples of adrenal vein blood. The effect was 
abolished by cutting the splanchnic nerves. It must be due to stimuli 
acting on structures other than volume receptors. 


Evidence for the presence of an inhibitory transmitter sub- 
stance in Factor I extracts. By H. McLennan. Department of 
Physiology, University of British Columbia, Vancouver, Canada 


The properties of extracts of mammalian central nervous system which 
are able to inhibit certain synaptic processes have been the subject of 
various publications in recent years. The suggestion that these extracts, 
said to contain Factor I, might owe some at least of their actions in 
mammals to the presence of a transmitter of inhibitory neurones was made 
in part as a result of the demonstration by Florey & McLennan (1955) that 
Factor I reversibly inhibited tendon-jerk reflexes, and that the effect was 
prevented by small doses of strychnine. 

Curtis, Phillis & Watkins (1959) have given criteria for the electrical 
effects to be expected if a solution containing an inhibitory transmitter 
should be applied to a single neurone. An increase in the resting membrane 
potential, with a concomitant decrease or abolition of evoked inhibitory 
post-synaptic potentials (IPSP) and diminished excitatory post-synaptic 
potentials, should be observed. 

In the present study Factor I solutions have been applied to the 
exposed spinal cord of cats, and records obtained with glass micro- 
electrodes from extensor motoneurones. Post-synaptic potentials were 


* Beit Memorial Research Fellow. 


the 
ay 
eu 
| 
7 


PID 


2 


4 fi 
| 


56P PROCEEDINGS OF THE PHYSIOLOGICAL 


evoked by stimulation of appropriate dorsal-root filaments. In con- 
formity with the criteria of Curtis et al., Factor I increased the resting 
membrane potential by 2-6 mV and invariably reduced the amplitude of 
an evoked IPSP. EPSP’s were little affected if the alteration in mem- 
brane potential was small, and reduced when larger membrane potential 
changes were observed. It is concluded that these observations provide 
strong evidence for the presence of an inhibitory transmitter in the 
Factor I extracts. 


This work was supported by a grant from the National Research Council of Canada. 
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The different effects of aldosterone and cortisol in recumbency. 
By J. N. Mus, 8. Toomas and K. 8. Department of 
Physiology, University of Manchester 


It has previously been shown (Mills, Thomas & Williamson, 1960) that 
aldosterone increases potassium and hydrion excretion, whereas hydro- 
cortisone, in doses followed by a similar sodium retention, causes a much 
bigger rise in potassium and often a fall in hydrion excretion. These 
differences can be further explored if the steroids are injected when the 
subject awakes in the morning, and he remains recumbent until midday. 
In these circumstances, in control experiments, sodium, chloride, and 
potassium excretion was high and hydrion excretion low. Two such control 
experiments, and two with injection of each steroid; 0-5 mg aldosterone 
and 100 mg cortisol, were performed upon each of two subjects. 

Aldosterone injection was followed by the usual low sodium excretion, 


but potassium excretion was unaltered, and hydrion excretion raised more 


than in any other circumstance we have investigated; chloride excretion 
sometimes fell. | 

Cortisol injection was followed by a less consistent lowering of sodium, 
but a much bigger rise in potassium, excretion; hydrion excretion was 
unaltered or reduced, and in one subject urinary pH rose to 7-50 and 7:60. 

These observations support our earlier tentative suggestion, that aldo- 
sterone promotes sodium reabsorption either in association with chloride 
or by cation exchange for potassium or hydrion, whereas cortisol promotes 
only the sodium = potassium exchange mechanism. 
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Muscle spindle receptors. By K. Dirrs-Srrrr. Department of Physio- 
logy, University College London 


Hunt (1954) stimulated tetanically the motor nerve fibres to the intra- 
fusal muscles in isolation from the fibres to the extrafusal muscles. He 
showed that both types of spindle receptors, primary and secondary, 
were excited, and concluded that the difference in behaviour between the 
receptors was merely quantitative; the primary endings were slightly more 
sensitive to stretch than the secondary endings. In the present work the 
effects of selective activation of the intrafusal muscle fibres have been 
re-investigated. 

_ The experiments were made on rabbits, decerebrated or anaesthetized 

either with urethane or sodium hexobarbitone. Stimuli were applied to 
either the nerve to the plantaris muscle or to the nerve to the medial head 
of the gastrocnemius muscle: all other nerves in the leg were cut. The 
muscle contractions and single spindle receptor discharges from dorsal 
root filaments were recorded electrically. 

With single maximal shocks to the muscle nerve both types of receptor 
paused during the rising phase of the muscle contraction. Supramaximal 
shocks caused the fibres of high conduction velocity to discharge during © 
this phase and they have been classified as coming from the primary 
endings. The slower fibres could not be made to discharge during the rising 
phase of the contraction by any strength of stimulus, and these fibres have 
been assumed to come from the secondary receptors (Matthews, 1933). 

Succinylcholine, 25-100yg by retrograde injection via the posterior 
tibial artery, blocked the muscle contraction, but single supramaximal 
motor-nerve shocks were able to evoke discharges from the primary 
endings. It was still not possible to activate the secondary endings by 
this means; for these to be excited tetanic stimulation was necessary. It is 
concluded that even in the absence of extrafusal shortening, single motor- 
nerve shocks produce insufficient intrafusal shortening to excite the 
secondary receptors. This might be ascribed to the lower sensitivity of these 
endings to stretch. However, the same result is obtained no matter what 
the initial tension of the muscle. It is suggested, in agreement with Boyd 
(1959), that the secondary endings lie on slow muscle capable of graded 
responses, and that several stimuli are necessary to produce shortening 
_ adequate to excite the receptors. 
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The applicability of Hodgkin & Huxley’s (1952) formulation of 
the ionic hypothesis to cardiac muscle. By D. Nosix. Depart- 
ment of Physiology, University College London 


Interrelationships between mitochondria and the endoplasmic 
reticulum bearing on a theory of the origin of mitochondria. 
By J. D. Ropertson. Department of Anatomy, University College 
London 


Mitochondria consist essentially of a matrix material (m.m., Fig. 7) 
bounded by two unit membranes (arrows, Fig. 7) (Robertson, 1959) 
separated by a gap ~ or < 75 A wide. The inner membrane is enfolded to 
make the cristae (Palade, 1953). 

In Schwann cells of myelinating mouse sciatic nerves mitochondria are 
arranged in chains spaced ~ 2, apart and interconnected by tubular 
double-walled necks ~ 600-800 A in diameter. Figures 1-5 are serial 
longitudinal sections through a chain of three mitochondria (a-c) 
establishing this point. Figure 8 is a transection through such a chain 
including a mitochondrion d and the neck of another mitochondrion e. 
Figure 9 is a successive section to Fig. 8 somewhat deeper in the same 
Schwann cell, including the same area but now passing through the neck 
of mitochondrion d and the body of mitochondrion e. Both membranes 
are visible in the necks (Fig. 8 e). The necks thus maintain continuity 
between the matrices and the inner and outer membranes of each mito- 
chondrion in a chain. Continuity between outer mitochondrial membranes 
and tubular or membranous components of the endoplasmic reticulum 
(ER) have been found in developing axons (arrow, Fig. 6) and in adult 
pancreatic acinar cells. 

A hypothesis of the origin of mitochondria based on these findings is 
presented diagrammatically in Fig. 10. According to this, mitochondria 
develop by extension of a unit membrane-bounded finger-like process of 
the cytoplasmic matrix (c.m.) into a cisterna of the ER (arrow, Fig. 10). 
This extends and expands to make the mitochondrial matrix (m.m.) and 
its bounding unit membrane folds to make the cristae. The gap between 
the membranes is thus continuous at times with the cisternal contents (c). 
of the ER and may be a site of formation of secretory material. This is 
— by certain appearances of mitochondria in pancreatic acinar 
cells. 

To what extent the membrane continuities demonstrated are maintained 
in time is unknown. The connexions may pinch off and be reformed. 
Nevertheless, it appears that the mitochondrial matrix is simply a small 
segregated pocket of the cytoplasmic matrix. 
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Movement of a dye in the spinal subarachnoid space. By H. F. 
Grunpy. Department of Pharmacology, University of Cambridge 
By means of an iron framework and clamps, anaesthetized cats were held 


fixed in a prone position with the vertebral canal horizontal. A marker dye 
was introduced under standard conditions into the subarachnoid space at 
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the first sacral, eleventh thoracic or seventh cervical vertebral level. The 
animals were killed by intravenous chloroform within 10 min, at 85 min 
or 4 hr after the dye introduction. In half of the 85 min series of experi- 
ments convulsions were induced during the last 30 min by the admini- 
stration of picrotoxin. After death the head and vertebral column of the 
cat were isolated and rapidly frozen in a solid CO,-ethanol mixture, the 
horizontal position being maintained during these manoeuvres. The frozen 
specimen was sectioned transversely by means of a band-saw and the 
limits of dye spread determined by direct observation. 

It was found that even after 4 hr the dye had moved only slightly from 
its site of introduction but that much greater movement was induced by 
picrotoxin convulsions. It is concluded that in general there is little 
cranial = caudal circulation of cerebrospinal fluid in the spinal sub- 
arachnoid space of the horizontal anaesthetized cat. However, movement 
of the fluid in this space is markedly increased by picrotoxin convulsions. 


The energy requirements of treadmill walking in relation to sex 
and athletic training. By J. E. Corss, J. Dkummonp, F. MEADE 
and C. YanpLE. Medical Research Council Pneumoconiosis Research 
Unit, Llandough Hospital, near Penarth, Glamorganshire 

Working at Cambridge, Booyens & Keatinge (1957) found a low energy 
requirement for women during track walking, which they attributed to the 
women performing less work in lifting their bodies than men. This is con- 
sistent with the women having shorter leg and pace lengths (Cotes, 
Meade & Wise, 1958). But Durnin (1958) found equal energy expenditures 
for men and women, and Ralston (1958) noted that values reported for 
men by Booyens were rather high; other published literature confirms this. 
However, we observed comparable values in untrained male recruits 
during treadmill walking and these fell with training (Cotes & Meade, 
1959). | | 


female athletes, participants in the 1958 British Commonwealth Games, 
and twenty-three non-athletes of comparable age. Energy expenditure 
and vertical lift work (Cotes & Meade, 1960) were measured during the 
4th to 6th minute of walking for the first time on a treadmill at 2-4 m.p.h. 
Energy expenditures. of the men, both athletes and non-athletes, were 
very similar to those of the Cambridge men and male Army recruits before 


obtained for the recruits after training. (Energy expenditure = 4-25 x 
10-4 V%(m/min)? + 0-0386 keal/min/kg body weight; where V = velocity 
(m/min).) This line relates energy expenditure and velocity for subjects 


We have studied eight middle-distance male and seven short-distance 


training (Fig. 1), but values for the women lay along the regression line — 
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walking at 1 to 34 or 4m.p.h., the upper limit being influenced by the 
subject’s leg length and hip-joint mobility. 

The findings suggest that the energy expended in treadmill walking by 
untrained males may be excessive at first, irrespective of their level 
of physical fitness, and falls with practice. Females tend to walk more 
economically from the start. 

Copies of experimental protocols may be obtained from the authors. 
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Histamine and gastric secretion in man. By C. G. CuarK, V. JUNE 
Curnow, J. G. Murray, F. O. SrepHens and J. H. Wy tiis*. 
Departments of Surgery, Aberdeen University, and King’s College 

Hospital, London, 5 
In order to carry out valid quantitative tests of gastric secretion, two 
conditions are desirable: (1) application of a maximal stimulus to the 
* Supported by a grant from the Medical Research Council. 
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secretory cells of the stomach; and (2) collection of all gastric secretions 
over timed periods. Kay (1953) prevented systemic effects of histamine by 
giving mepyramine maleate intramuscularly, and showed that sub- 
cutaneous injection of 0-04 mg/kg body weight of histamine acid phosphate 
caused acid secretion at a rate which was not exceeded by giving still larger 
doses of histamine. Providing the tip of the collecting tube is accurately 
located in the antrum of the stomach and appropriate continuous suction 
applied, 90-100 % of the total gastric contents can be collected over timed 
periods (Johnston & McCraw, 1958). Under these circumstances, it has 
been demonstrated that the output of HCl in consecutive tests is, within 
narrow limits, constant for any individual. 

We have confirmed the results of this Augmented Histamine Test in a 
series of patients. In addition, impressively large amounts of pepsin appear 
in the gastric juice. We compared, in the same patients, the amounts of 
HCl and pepsin secreted in response to Augmented Histamine Tests with 


those secreted in response to effective insulin tests. Acid output after 


histamine agreed closely with that after insulin; pepsin secretion after 
histamine was consistently about two-thirds of that after insulin. Hexame- 
thonium iodide (25 mg) or atropine sulphate (0-6 mg) given by intra- 
muscular injection caused about 50°, reduction of acid and pepsin 8 secre- 
tion in both the Augmented Histamine and insulin tests. 

It is generally held that histamine has a specific effect in causing gastric 
secretion by acting directly on the parietal cells of the stomach. The 
present results indicate that the action of histamine in these doses in 


man is neither specific nor direct. It is suggested that histamine acts, 


at least in part, through nervous tissue. 
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The action of a ‘hemicholinium’ compound (HC3) on the central 
inspiratory discharge and diaphragm activity in the cat. 
By R. Hotmes and H. Witson. Chemical Defence Experimental 
Establishment, Porton Down, Salisbury, Wilts, and Department of 
Pharmacology and General Therapeutics, U niversity of Liverpool 


The lethal action of a hemicholinium compound (HC3),«,«’-dimethy]- 
aminoethanol-4,4’biacetophenone (Long & Schueler, 1954; Schueler, 1955) 
was ascribed by Schueler (1955) to a slowly developing paralysis of the 
central respiratory mechanisms. Kasé & Borison (1958) concluded that 
this action was exerted on the brain-stem mechanisms and claimed that 
the neuromuscular block produced by large doses only enhanced the central 


¥ 


© 


4 
« 
q 
4 
, 


SOCIETY, 9 JULY 1960 63 P 


effect. Longo (1959), however, showed that HC3 had no central action 
and that the effects were due to neuromuscular block of the respiratory 
muscles. A neuromuscular blocking action of HC3 was also reported by 
Reitzel & Long (1959) and Wilson & Long (1959). 

In the present study the action of HC3 on respiration has been re- 
examined using cats anaesthetized with pentobarbitone, vagotomized and 
artificially ventilated so that spontaneous respiratory movements con- 
tinued. Medullary inspiratory activity was recorded from the region of 
the obex by inserting a micro-electrode made from 5 or 10 » platinum wire 
insulated except at the tip by a thin glass sheath. Bipolar needle electrodes 
were used for recording diaphragm muscle action potentials. HC3 was 
given in doses ranging from 2 to 4 mg/kg 1.v. 

Respiratory activity was affected little by the smaller dose of HC3. 
Larger doses (3 or 4 mg/kg), produced initially a temporary increase in the 
discharge of inspiratory and diaphragm units. This was probably due to 
a rapid fall in blood. pressure which followed the injection. The pressure 
returned to the pre-injection level within a few minutes and spontaneous 
respiratory activity also became normal at this time. The subsequent 
effect of HC3 was a slowly developing neuromuscular block at the dia- 
phragm which became marked at about 20-30 min and which was not 
associated with inhibition of central inspiratory activity. The reduction 
in diaphragm action potentials was not due to a decrease in the intensity 
of the inspiratory discharge, for when this was increased by reducing the 
artificial ventilation the return of activity in some diaphragm units was 
quickly followed by sporadic firing and complete neuromuscular block: 
the discharge of the ‘inspiratory centre’ continued at a high intensity. 

In no case in sixteen experiments with HC3 has an inhibition of central 
respiratory activity been observed. Thus 131 min after 4 mg/kg HC31.v. 
the discharge of inspiratory neurones was unimpaired, although block at the 
diaphragm was practically complete. In another experiment, the central 
discharge was still unaffected 50 min after a third dose of 2 mg/kg, the 
first dose having been given 3 hr 51 min earlier. 

These results indicate that HC3 has no effect on the activity of the 
respiratory centre and that it produces a neuromuscular block at the 
diaphragm. It appears that death in animals receiving lethal doses of the 
drug is probably due to asphyxia resulting from paralysis of the respiratory 
muscles. | 
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The action of some sympathomimetic amines on the cat’s iris 
and blood vessels. By E. Martny*. Department of Pharmacology, 
Royal College of Surgeons, Examination Hall, Queen Square, London, 
W.C.1 


The effects of some sympathomimetic amines were compared on the 
normal and on the chronically denervated iris of the chloralosed cat 
(superior cervical ganglion and post-ganglionic trunk removed 10-14 days 
previously) and a threefold classification of activity, reminiscent of that 
proposed by Fleckenstein & Burn (1953) for the effect of sympathomimetic 
substances on the nictitating membrane, was possible. Thus (1) the normal 
mydriatic action of the phenylethylamines was absent on the denervated 
iris; (2) for substances with an —OH either on the benzene ring, or on the 
B-carbon atom of the side-chain, the threshold dose required to dilate the 
pupil of the denervated iris was raised ; and (3) for substances with two —OH 
groups on the benzene ring, or one —OH on the benzene ring together 
with an —OH on the f-carbon, the denervated iris was supersensitive 
for threshold dose and for degree and duration of mydriasis. All three 
groups of drugs dilated the pupil after degeneration of the parasympa- 
thetic post-ganglionic innervation to the iris, or after section of the mid- 
brain interrupting the sympathetic connexions from the hypothalamus 
to the iris. 

Recently, Burn & Rand (1958, 1959) reported that after chronic reser- 
pine administration, the cat’s iris and blood vessels became supersensitive 
to adrenaline and noradrenaline but insensitive to tyramine, a condition 
they likened to that following chronic post-ganglionic sympathetic 
denervation. 

In the present experiments, after chronic intraperitoneal reserpine 
treatment (0-5 mg/kg for 2 days, 1-0 mg/kg third day) the mydriatic action 
of groups (1) and (2) of the sympathomimetic drugs was reduced or absent. 
In contrast with the chronic denervation experiments and those of Burn & 
Rand (1959), the sensitivity of the iris to the catechols was not increased 
except in one of the seven chronic reserpine experiments, in which a massive 
intraperitoneal dose (3 mg/kg first day, 2 mg/kg second day) was given. 
Enhanced pressor responses to the catechols were invariably found, as 
were reduced blood-pressure responses to the other two groups of drugs. 

Immediately after intravenous reserpine (0-5-1-0 mg/kg) the mydriatic 
action of all the sympathomimetics was diminished. As noted by Bein, 
Gross, Tripod & Meier (1953) the pressor response to the catechols gradually 
increased, but this also developed during repeated intravenous admini- 
stration of the catechols without reserpine. In all the reserpine experiments, 


* Holder of M.R.C. Clinical Research Fellowship. 
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_ after cocaine (0-2 mg/kg intravenously) the action of the catechol sub- 
stances on the blood vessels and innervated pupils was augmented, the 
effect of other sympathomimetics, if present, being reduced. 

Thus the analogy between the effect of reserpine and sympathetic 
denervation proved consistent only for the reduced response of the iris and 
blood vessels to the sympathomimetics other than those of group (3). 
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A pulsating cuff technique for determining an index of regur- 
gitation in aortic incompetence. By I. F.S. Mackay and J. F. 


PatMER. Department of Physiology, University College of the West 
Indies, Jamaica 


The purpose of this technique is to provide a measurement of the degree 
of regurgitation in aortic incompetence. 

The basis of the technique is to use a pneumatic cuff placed on the 
upper arm in which pressure could be rapidly applied and released at pre- 
determined times during the cardiac cycle. The cuff pressure (200-220 mm 
Hg) was applied during the diastolic phase and thus should stop any 
regurgitation during this period of the cardiac cycle. The pressure was 
released to zero during the period of ejection and thus should not have 
caused an obstruction to flow during this phase. The forearm-hand volume 
changes were measured plethysmographically while the subject was supine 
and the arm was held in an upward position at an angle of 20° from the 
vertical. The ambient temperature used was approximately 30°C. The 
pneumatic cuff was connected by a wide-bore tube (4in., 12 mm) anda © 
sliding valve to a pressure reservoir. The opening and closing of this sliding 
valve was timed from the R-wave of the electrocardiograph, and may be 
delayed or varied in duration. A second cuff placed close to the plethys- 
mograph was inflated to a steady pressure of 50 mm Hg. The rate of 
increase in forearm-hand volume (blood flow) is recorded during the opera-: 
tion of this pulsating cuff. The index of regurgitation is calculated from 
the increase in flow obtained by the pulsating cuff as compared with that 
measured by venous occlusion plethysmography using a venous occluding 
pressure of 50 mm Hg. 

This approach has been compared with an earlier method (Mackay, 
1960), where steady cuff pressures were employed, and has been found to 
be more effective in increasing the blood flow. 
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The same measurements have also been made on normal subjects for 
comparison. Here, when the pulsating cuff is used, an increase in forearm 
blood flow may often be demonstrated, but this is much smaller than that 
which was measured in subjects with aortic incompetence. 

The authors wish to thank Baum and Co. of New York for making the special pressure 
cuff. 
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The influence of ionic strength on the anaphylactic reaction in 
guinea-pig lung. By K. F. Austen* and W. E. BrocKLEHuRsT. 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


The antigen-induced release of histamine from perfused, chopped 
guinea-pig lung is extremely sensitive to acute changes in the ionic strength 
of the suspending medium. When the NaCl concentration of Tyrode 
solution was increased to 10-0 g/l. (0-195 m) from 8-0 g/l. (0-161 m), the 
histamine release fell by 30-48%. When the NaCl concentration was 
reduced to 6-0 g/l. (0-125 m), the histamine release increased by 48-61 %. 
These results were obtained when antigen was added to sensitized tissue 
immediately after the suspending medium had been changed from normal 
Tyrode to NaCl-augmented or NaCl-depleted Tyrode solution. Incubation 
of the tissue in the modified solutions for 5 min before addition of antigen 
did not alter the respective inhibition or enhancement. 

When the molarity of salt-depleted Tyrode solution (6-0 2/1.) was increased 
by adding MgCl,, much greater inhibition was produced at each final 
molarity than when the same molarity was achieved by adding NaCl. On the 
other hand, alterations of molarity by the addition of glucose or sucrose pro- 
duced very little inhibition. These studies indicate that it is cationic rather 
than anionic concentration which is critical. It was not possible to confirm 
this by the use of divalent anions, because such anions could inhibit by 
combining with calcium which is essential to the anaphylactic reaction. 

The sensitivity of the anaphylactic release of histamine from guinea-pig 
lung to changes in the salt concentrations of Tyrode solution is re- 
markably similar to the effect of variation in salt concentration on the 
lysis of the sensitized red cell—carrying the first, fourth, and second com- 
ponents of complement (EAC’ 1, 4, 2)—by the third component (C’ 3) 
(Becker & Wirtz, 1959). This reaction between the EAC’ 1, 4, 2 cell and 
C’ 3 is also inhibited by salicylaldoxime (Mills & Levine, 1959). When 
salicylaldoxime (0-5 mm) was added to the lung tissue 10 sec before antigen 
there was a 50% inhibition of the histamine release. 


* U.S.P.H.S. Postdoctoral Research Fellow. 
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These studies suggest that the anaphylactic release of histamine from 
guinea-pig lung requires a factor similar to C’ 3. However, even if C’ 3 
itself participates, it must be in addition to the heat-labile, calcium-re- 
quiring factor or factors known to be necessary for the anaphylactic 
release of histamine from guinea-pig lung (Mongar & Schild, 1957). 
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Calorigenic activity of catechol derivatives in new-born cats. By 
R. E. Moors and Mary C. UnpERwoop. Department of Physiology, 
Royal Free Hospital School of Medicine, London, W.C. 1 


We have previously reported the effect of noradrenaline (N Ad) in raising 
the heat production of new-born kittens (Moore & Underwood, 1959, 1960). 
A considerable rise in oxygen consumption, rectal and skin temperatures 
followed the subcutaneous (8.c.) injection of 400 ng NAd/kg at an environ- 
mental temperature of 35° C in the first few weeks of life. 

It is of some interest to know what type of compound shares with NAd 
this calorigenic activity, especially those with known cardiovascular 
actions and those concerned in NAd biosynthesis and inactivation. The 
activity of some of these compounds, administered s.c., 400 wg/kg, at 
35° C is summarized below: 


(a) Noradrenaline series, i.e. terminal —NH, on the side chain. 
Noradrenaline (+ +) 
Normetanephrine (0) 
“Novadral’ (Diwag A. G.) (0) © 

(b) Adrenaline series, i.e. terminal —_NH.CH, on the side chain. 
Adrenaline ( + ) 
Metanephrine (0) 
Phenylephrine (+ ) 

_(c) Isoprenaline series, i.e. terminal —NH.CH(CH;), on the side chain. 
Isoprenaline (+ +) ; 
‘DCI’ (+) (Lilly 20522; substitution of —Cl for —OH on the 

isoprenaline ring) 


(Calorigenic response indicated by + +, +, +, 0 ranging from high to 
no activity, with s.c. injection of 400 yg/kg at a. C.) 
It is interesting that the activities do not accord entirely with their 


known cardiovascular effects in the adult. Transient cardiovascular 
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activity before blocking has been observed with DCI (Moran & Perkins, 
1958) but in our experiments DCI does not block the calorigenic effect of 
isoprenaline. 

If dopamine is a biological precursor of NAd and normetanephrine the 
first metabolite of NAd (Axelrod, 1959), then the pattern of calorigenic 
activity would implicate NAd as the active substance, for whereas dop- 
amine has some activity, O-methylation inactivates NAd. 

The general picture presented suggests that cell penetration is one 
determining factor and that the new-born kitten may differ from the adult 
in this respect. : 
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Pulse wave velocity in pulmonary vessels. By ©. G. Caro* and 
D. A. McDonaup. Department of Physiology, St Bartholomew’s 
Hospital Medical College, London, E.C. 1 


A knowledge of wave velocity in the pulmonary arteries is essential to 
the understanding of the behaviour of pulsatile pressure and flow. Measure- 
ments were made in isolated rabbit lungs which were perfused with isotonic 
saline. Sinusoidal oscillatory flow was generated by a pump over a fre- 
quency range of 1-0—14-0 c/s. To exclude the imposed oscillatory flow from 
the perfusion reservoir it was maintained at a pressure of 2 atm. and linked 
to the system through a reducing valve which regulated steady flow. Mean 
arterial pressure was maintained at 10mm Hg. A glass cannula was in- 
serted in the pulmonary trunk; a capacitance manometer was attached to 
a side arm. A second manometer recorded the pressure in a distal artery 
through a nylon catheter. This was passed through the pulmonary trunk 
until it wedged in a peripheral vessel, then forced through the lung surface. 
It was withdrawn a measured distance and secured. Intervals used ranged 
from 3-3 to 5-5 em. An harmonic resolver (Taylor, 1959) running at the 
pump frequency recorded the amplitudes of the sine and cosine components 
of the pressures at the two points. The phase angles of the proximal and 
distal pressure wave were thus given. The phase velocity was scciusenii 
from the phase difference. | 

Ten experiments were performed in six animals. The mean phase 
velocity over the range 6-10 c/s was 89-5 + 8-6 (s.E.) cm/sec. Above 10 c/s 
the average was slightly higher (105 cm/sec), but the oscillatory pressure _ 
was then as great or greater than the mean. At low frequencies the 


* On leave from the Department of Medicine, Queen Elizabeth Hospital, Birmingham. 
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apparent phase velocities recorded were very much higher, falling from 
values ca. 500 cm/sec at 1 c/s to a minimum, usually slightly less than the 
average, between 4—6 c/s. This behaviour is due to reflexion, as demon- 
strated previously in systemic arteries (McDonald & Taylor, 1959). This is 
consistent with the average wave velocity and indicates that the pul- 
monary arterial bed is about a quarter wave-length around 4 c/s. The 
reason that the phase velocities above this frequency are relatively stable 
is that they are being measured over larger fractions of a wave-length and. 
any reflexion effects are averaged out. 

The pulse wave velocity over the normal frequency range of the rabbit 
_ pressure pulse (pulse rate 3-6 c/s) is thus found to be rather less than 
_ 1 m/sec compared to the derived value of 2 m/sec assumed by Engelberg 
& DuBois (1959). We also see that, in terms of wave-length, the —* 
and systemic systems are of comparable length. 

Oscillatory pressures were also recorded in the pulmonary veins, thus 
agreeing with the observations of Lee & DuBois eer naan pulmonary 
capillary flow in man is pulsatile. 
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Enzymic removal of adenosine-5’-phosphate (AMP) from sub- 
stance P extracts. By I. Laszito. Department of Pharmacology 
and Therapeutics, St Thomas’ Hospital Medical School, London, S.E. 1. 


It has already been reported (Laszlo, 1960) that when substance P was 
extracted from mouse brain by the method of Amin, Crawford & Gaddum 
(1954) and assayed on guinea-pig ileum, the amount found varied con- 
siderably when different pieces of ileum were used. This discrepancy was 
traced to the presence of an interfering substance which has been identified 
as adenosine-5’-phosphate (AMP) byits inhibitory action on rabbit jejunum, — 
by paper chromatography and by its chemical reactions. Extracts pre- 
pared by the methods of Leach (1959) and Zetler (1957) were also found to 
inhibit rabbit jejunum. 

Several methods of separating substance P and AMP have been tried, 
namely, adsorption of substance P by aluminium oxide (Pernow, 1953), 
precipitation of substance P by ammonium sulphate (Dahlstedt, 1959), 
paper chromatography in a variety of solvents and by varying the 
conditions of acetone precipitation from those described by Amin et al. 
None of these methods, however, proved satisfactory. 
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It was found that inosine-5’-phosphate, which is formed when AMP is 
deaminated, did not interfere with the assay of substance P on guinea-pig 
ileum. This suggested the possibility of eliminating the action of AMP by 
converting it enzymically into inosine-5’-phosphate. 

_ AMP-deaminase was extracted from rabbit muscle by the method of 
Nikiforuk (1956) and the activity of the enzyme assessed using either 
ultra-violet absorptiometric estimation of AMP or by the estimation of the 
liberated ammonia (Russel, 1944). When the hydrochloric acid extract of 
acetone-dried mouse brain powder was incubated at pH 6-1 with the enzyme 
preparation, its inhibitory effect on rabbit jejunum, due to AMP, was 
abolished. After experiments with a number of buffers, maleate was chosen 
because it was most suitable for the deamination reaction and did not inter- 
fere in the subsequent assay. The activity of a solution of substance P was 
not reduced by incubation with the enzyme preparation. 

The enzymic removal of AMP appears to provide a basis for a seliable 
and relatively simple method for estimating substance P in tissue extract 
. containing this compound. 
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Inhibition of the acid response to urecholin by antral acidification 
in dogs. By Mary Reprorp and B. Scuorretp. Department of 

_ Physiology, Medical School, King’s College, Newcastle wpon Tyne 1 
The view that low pH in the pyloric antrum inhibits locally the release 
of gastrin is at present widely accepted (Longhi, Greenlee, Bravo, Guerrero 
& Dragstedt, 1958). In most investigations of this effect, gastrin-releasing 
_ stimuli have been applied to the mucosal surface of the antrum. It is of 
interest to consider the effectiveness of the inhibition against stimuli 
originating on the opposite side of the mucosa. Vagal release of gastrin has 
been shown to be strongly inhibited by antral acidification by Maung Pe 
Thein & Schofield (1959). Stable choline esters exert a high proportion of 
their effect on acid secretion by the gastrin mechanism (Langlois & Gross- 
man, 1950) and represent a blood-borne excitant presumably acting in a 
similar fashion to vagal excitation. Kim (1955) reported briefly that the 
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secretion produced by methacholine was inhibited by antral acidification, 
but his data have not been published. 

Four dogs with Heidenhain pouches and pouches of the pyloric antrum 
were used. The total acid secretion over 1 hr following 0-25 mg urecholin 
(carbaminoyl 8 methylcholine chloride) intravenously was compared in 
experiments in which the antrum was irrigated with 0-05 or 0-1 n-HCl with 
controls in which it was irrigated with 0-9% saline. Burstall & Schofield 
(1954) showed that with this procedure 50-80 % of the acid response was 
through the antral mechanism. Although day-to-day variation in both 
control and inhibited responses was considerable, there was highly 
significant inhibition in three of the dogs. In the fourth, however, the 
inhibition was not significant. A two-dose procedure was therefore applied 
in this animal, the response to the second being expressed as + a per- 
centage of the first. Three control experiments showed a mean percentage 
difference of +39+14:2%, and three in which the antrum was acidified 
during the time of the second response a mean percentage difference of 
— 39+ 13-3 %. This difference is significant, t = 4:0, P < 0-02. A series of 
experiments of this type was subsequently carried out on the other dogs 
giving an over-all mean percentage difference of + 41+ 6-1 % (8) for the 
controls and —47+10-4% (9) for the inhibited experiments. This dif- 
ference is highly significant, ¢ = 7-3. The higher figure for the second 
response in the control series is explained by the potentiating action of 
parasympathetomimetic drugs on gastric secretion. 

It is concluded that Kim’s result is confirmed. The over-all level of 
inhibition is about 60%. Allowing for the fact that only half to three- 
quarters of the stimulating effect is mediated through the antrum, this is 
of the same order as that observed against vagal release of gastrin by sham 
feeding by Maung Pe Thein & Schofield (1959). 
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The effect of the inverted position on alveolar-capillary diffusion 
and volumes of the human lung. By Farrn Newman and 
M. L. Toomson. Department of Applied Physiology, London School of 
Hygiene and Tropical Medicine, London, W.C. 1 


Change from the erect to the supine position reduces lung volumes and 
increases diffusing capacity (e.g. Ogilvie, Forster, Blakemore & Morton, 
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Subject P.B. A.G. A.H. 


Stending § 5.05 615 821 13 402 510 560 91-1 


Lying supine 5°95 433 531 815 12 540 474 545 87-0 
Inverted 6-90 
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1956). It was thought that the ‘inverted position’ might lead to still more 
marked changes in these measurements. 

Three ‘young volunteers A. H., P. B. and A. G., of whom A. H. was in 
the habit of hanging vertically for periods up to 1 hr or longer, were tied 
by the feet to an Eve’s rocking stretcher and inverted to a position 10° 
from the vertical. 

There was a consistent increase in permeability kgg (which is diffusing 
capacity x pressure of dry gases/lung volume) from standing to the in- 
verted position (mean increase, 57%, Table 1). 


TABLE 1. The effect of postural change on lung volume and permeability 


koo T.V.C. BY. koo VC. 
(min) (1) (%) (/min) (1) (%) 


17 450 405 460 880 
554 4. 
S17 470 88-7 


(/min) (lL) (%) 


505 500 600 833 12 458 %510 550 92-7 


385 510 755 12 716 430 525 819 %14 641 3-75 430 87:2 


All volumes given at B.T.P.s.; v.c. = vital capacity; T.v.c. = 1 sec timed vital capacity; r.v. = residual volume. 


The vital capacity (v.c.) showed on the average a 10-0 % fall. The 1 sec 
timed vital capacity (T.v.c.) was more reduced than v.c. so that the ratio 
T.v.C./v.c., which is an index of ventilatory efficiency, also fell. The 
residual volume also tended to fall. __ 3 

Uniformity of ventilation by modified single-breath oxygen test in P.B. 
and A.G. was not significantly affected by posture. Pulse rate was the 
same in sitting and inverted positions. 

Subject A.H. remained in the inverted position. for 53 min during 
which ko fell from.6-41 to 5-64/min. Falls were also shown by P.B. and 
A.G. after 14 and 18 min. . 

Using CO, Dollery, Dyson & Sinclair (1960) have shown that exercise 
is associated with increased perfusion of the upper lobes and a rise in 
diffusing capacity. The postural effect on diffusion desctibed above may 
have been due to increase, induced by gravity, in perfusion of the upper 
lobes, leading to greater area of blood-gas interface. The observed fall in 


vital capacity would accentuate this increase in kog by decreasing the 
volume: surface-area ratio. | 
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Cutaneous haemostasis in the dog’s hind limb after perfusion 


with venous blood. By J. R. Macatnizs.* Instituto Oswaldo 


Cruz, Rio de Janeiro, Brazil 


Bleeding times following superficial cutaneous incisions were studied in 
the perfused dog’s hind limb under pentobarbitone anaesthesia. The 
original preparation (Cruz & Oliveira, 1958) was modified so that the limb 
could be connected to the dog’s own circulatory system (‘direct’ circula- 
tion) or perfused with heparinized or citrated donor dogs’ blood by a 


pump. During ‘direct’ circulation no anticoagulants were used. Bleeding 


times were within the normal range (5-12 min) during ‘direct’ circulation, 
or when perfusion was done with arterial blood. Perfusion with venous blood 
‘reoxygenated’ in vitro prolonged the bleeding time to more than 30 min. 
Subsequent perfusion with arterial blood did not reverse this prolongation 
of the bleeding time, confirming Cruz, Oliveira & Magalhiées (1958). 

It has been found in the present series of experiments that when ‘direct’ 
circulation was re-established, normal bleeding times were again attained. 

Heparinization of the animal (320i.u./kg body weight) at this stage 
did not lead to an increase of bleeding time, showing that in this pre- 
paration normal —s times can occur in the absence of blood 


coagulability. 
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Is increased vasomotor tone present in hypertension? By 
J. Conway. Charing Cross Hospital Medical School, London, W.C. 2 


Brief anoxia following rapid decompression from 560 to 


140 mm H¢g absolute (8,000-40,000 ft.; 2-44-12-2 km) and 
its prevention. By J. Ernstrne and G. J. R. McHarpy. &.A.P. 
Institute of Aviation Medicine, Farnborough, Hants. 


Concentrating activity of the gall bladder. By J. M. Dramonp. 
Physiology Laboratory, University of Cambridge 


The mechanism of the external secretion of the pancreas. By 
S. Dixstx1n. Department of Pharmacology, Medical School, Hebrew 
University, Jerusalem, Israel 


* British Council Scholar. Present address: Royal Free Hospital School of Medicine, 
London, W.C. 1. 
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Skeletal muscle, effect of sudden changes 
in ionic concentration on membrane 
potential of single fibres of (frog), 
370 
nitrate and other anions effect on mechan- 


ical response of single fibres of (frog), 
404 


potassium contractures in single fibres of 
(frog), 386 
preferred sites of adenine nucleotide in 
Skeletal muscle carbohydrate, foetal 
age relation to (sheep, monkey), 537 
Skeletal muscle cells, sites of cholines- 
terase activity in cultured chick-embryo 
(T), 12P 
Skin, vasomotor fibres to (man), 232 
Skin temperature, C afferent tibre recep- 
tors response to changes in (cat), 113 
touch receptors discharge affected by 
' changes in (cat), 91 
Smooth muscle, glucose removal from 
medium effect on electrical excitability 
of (guinea-pig), 8P 
ionic movements in intestinal (guinea- 
pig), 29P 
metabolic basis for inhibitory action of 
adrenaline on intestinal (guinea-pig), 
30P 
structure of ACh receptors in intestinal 
(guinea-pig), 26P 
Sodium, renal cortex slices from new-born 
content of (mammal), 358 
Sorbitol, fructose formation by perfused 
isolated foetal and neonatal liver from 
Spinal afferent synapses, investigation of 
(cat), 306 
Spinal neurones, procaine and atropine 
action on (cat); 17 
Spinal subarachnoid space, dye move- 
ment in (cat), 59.P 
Spirometer, electrical recording of volume 
changes in, 7P 
Stellate ganglion, connexions of mantle 
receptor units in (octopus), 576 
Stria terminalis, defence reactions from 


— amygdala and (cat), 27P 


Subcutaneous fat, response to immersion 
in cold water affected by (man), 166 
Submaxillary gland, specific secretory 
sympathetic fibres to (cat), 1 
sympathetic denervation effect on sensi- 
tivity to noradrenaline of (cat), 9 


Substance P, enzymic removal of AMP 
from extracts of (mouse), 69P 

Sulphob phthalein, estimation in tur- 
“bid and haemolysed plasma and in liver 
of, 11P 

Sweat glands, temperature and action in 
foot pad of denervated (cat), 45P 

Sympathetic denervation, submaxillary 
gland sensitivity to noradrenaline 
affected by (cat), 9 

Sympathetic secretory fibres, submax- 
illary gland receiving (cat), 1 

Sy omimetic amines, iris and blood 
vessels affected by (cat), 64P 


Tap receptors, interosseous region contain- 
ing (cat), 80 

Tectospinal tract, axo-dendritic synapses 
of (chicken) (T), 42P 

Temperature, muscle spindle discharge 
affected by (cat), 218 

touch receptor discharge affected by 

changes in (cat), 91 

Temperature receptors, part played in 
raising metabolic rate of fat and thin 
men exposed to cold by superficial and 
deep (man), 46P 

Tension receptors, interosseous region 
containing (cat), 82 

Thalamus, nucleus gracilis connexions with 
(cat), 343 

Thermo-electric ‘cold’ stimulator, 3P 

Thiocyanate, potassium contracture of 
single muscle fibres affected by (frog), 
407 

Thyroxine, serum proteins binding (vari- 
ous), 179 2 

Touch receptors, nerve fibre diameter and 
characteristics of (cat), 105 

properties of cutaneous (cat), 88 

Transistor stimulator, for class work, 1 P 

Treadmill walking, energy requirement 
in relation to sex and athletic training 
of (man), 60P 

Trigeminal nucleus, single cell responses 
in caudal part of spinal (cat), 12P 

Trigeminal sensory nucleus, graded 
afferent stimulation effect on neurone 
activity in (cat), 52 

Tri-ortho-cresyl phosphate, effects of 
skin absorption of (hen), 20P 

Tubocurarine, scratch reflex affected by 
application to cervical cord of (cat), 39 


Udder, valvular incompetence in venous 
drainage of (mammal), 481 

Urecholin, inhibition by antral acidification 
of acid response to (dog), 70P 
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xxiv | SUBJECT INDEX 


Urine electrolytes, oxytocin effect on Vasomotor tone, measurement of (rabbit), 
(man), 553 290 

Urine 5-HIAA, gastro-enterectomy effect Venous blood perfusion, cutaneous hae- 
on (rat), 239 mostasis in limb following (dog), 73P 

| Vibration receptors, interosseous region 

Vascular smooth muscle, measurement containing (cat), 79 
of tension in (rabbit), 290 

Vasomotor fibres, limb skin receiving Z line, adenine nucleotide concentration in 
(man), 232 (frog), 439 
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